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® Mask, mask producing method and pattern forming method using mask. 

@ A mask for use in exposure of a semiconductor wafer includes transparent portions (2, 31. 51) for 
transmitting light used in the exposure, formed by a transparent layer and corresponding to first areas of the 
wafer, these being areas which are to be exposed, opaque portions (14. 32, 53) for masking the light, formed by 
an opaque layer and corresponding to second areas of the wafer adjacent to the first areas, and phase shift 
portions (3a, 37A, 37B. 41 A, 41 B) for shifting the phase of the light so as to improve the contrast between the 
first and second areas, formed by a phase shift layer (3a) formed over the transparent layer and the opaque 
layer. According to the invention, in at least one part of the mask the phase shift portions are formed only along 
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edges of the opaque portions (14, 32. 53) without extending between adjacent opaque portions. A method of 
producing such a mask, and a pattern forming method employing the mask, are also disclosed. 



FIG. 46 E 



37A 36 37B 
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BACKGROUND OF THE IMVENTION 

The present invention generally relates to masks, mask producing methods and pattern forming 
methods using masks, and more particularly to a mask which uses a phase shifl of light, a mask producing 
5 method for producing such a mask and a pattern forming nnelhod which uses such a mask. 

When forming patterns of elements, circuits and the like on a semiconductor wafer in a production 
process of a semiconductor device, it is normal to employ a pattern transfer exposure which uses an 
ultraviolet light. 

The pattern which is to be transferred onto the wafer is formed depending on the existence of a metal 

TO thin film which is provided on a glass substrate, where the metal thin film is opaque with respect to the light 
and the glass substrate is transparent with respect to the light. The pattern on the glass substrate to be 
transferred onto the wafer is called a mask when this pattern is identical to a chip pattern which is actually 
transferred onto tho wafer. On the other hand, the pattern on the glass substrate is called an enlarged mask 
or a reticle when this pattern is enlarged compared to the chip pattern which is actually transferred onto the 

15 wafer. When using the mask, the pattern is transferred onto a resist layer on the wafer and exposed using a 
parallel ray. On the other hand, when using the reticle, the pattern is transferred onto the resist layer on the 
water and exposed using a reduction lens system which projects a reduced pattern on the resist layer. 

In order to Improve the resolution of the pattern which is transferred especially when the Integration 
density of the integrated circuit is large and the pattern is fine, it is necessary to improve the contrast at an 

20 edge portion of the region which is exposed. 

FIG.1 shows an example of a conventional mask which is made up of an opaque layer having a 
predetermined pattern and a transparent substrate. FIG-2 shows an example of an optical system for 
forming a pattern on the water using the mask shown in FIG.1 . 

In RG.1. a mask 450 comprises a transparent substrate 452 and an opaque layer 451 which is made of 

25 a material such as chromium (Cr). The opaque layer 451 is formed to a predetermined pattern by 
lithography and etching processes. 

In FIG.2. a light C which is emitted by an exposure apparatus (not shown) illuminates the mask 450. 
The light C cannot be transmitted through the opaque layer 451 but is transmitted through a portion of the 
transparent substrate 462 not provided with the opaque layer 451 . The transmitted light passes through an 

30 imaging lens system 453 and exposes a resist material 455 which is coated on a wafer 454. For example, a 
resist OFPR manufactured by Tokyo Ooka Kogyo K. K. of Japan may be used as the resist material 455. As 
a result, a pattem identical to the pattern of the mask 450 is formed on the wafer 454 by an etching 
process. 

When forming the pattern using an optical lens system, the exposure on the wafer 454 is made based 

35 solely on data related to the contrast which is determined by the existence of the opaque layer 451 on the 
transparent substrate 452. For this reason, there is a physical resolution limit to the pattern formation due to 
the wavelength of the light which is obtained via the optical lens system, and it is difficult to form a fine 
pattern depending on the wavelength of the light used for the exposure. 

Conventionally, the photolithography process uses a reticle which is made by forming an opaque layer 

40 on a transparent substrate and patterning the opaque layer. For example, the opaque layer is made of Cr 
and the transparent substrate is made of a transparent material such as glass and quarts. FIGS.3A through 
3D are diagrams for explaining such a conventional pattern forming method. 

In FIG.SA, the optical system includes a light source 461, an Illumination lens 462, and an imaging lens 
system 465. A reticle 464 is arranged between the illumination lens 462 and the imaging lens system 465. 

45 The light source 461 is made of a mercury lamp, an excimer laser or the like and is provided with a filter for 
emitting i-ray or g-ray. The light 463 from the light source 461 illuminates the reticle 464 via the Illumination 
lens 462. For example, the partial coherency a of the illumination lens 462 is 0.5. The reticle comprises a 
transparent substrate 468 and an opaque pattern 469 which is formed on the transparent substrate 468. For 
example, the transparent substrate 468 is made of glass and the opaque pattern 469 is made of Cr. The 

50 opaque pattern 469 on the reticle 464 is Imaged on a photoresist layer 467 which is formed on a 
semiconductor substrate 466 via the imaging lens system 465. For example, the imaging lens system 465 
has a numerical aperture (NA) of 0.50- 

According to this pattern forming method, the resolution can be described by K1»X/NA, where Kl 
denotes a process coefficient which is normally 0.6 to 0.8 and K denotes the wavelength of the light. The 

5b wavelengtli X of the light 463 is approximately 365 nm in the case of the i-ray whicn is emitted using the 
mercury lamp and is 248 nm or 198 nm when the excimer laser is used. The nuinerical aperture NA differs 
depending on the imaging lens system 465 which is used but is approximately 0.5. for example. In order to 
Improve the resolution, it is necessary to set Kl or Xlo a small value and set NA to a large value. However. 
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the values of K1 and NA cannot be set freely. In addition, the value of K is restricted by the light source 461 
and the optical system used. The resolution is determined when the wavelength x of the light used for the 
exposure, the numerical aperture NA and the process coefficient Kl are determined, and it is impossible to 
image a pattern finer than the resolution. 

5 The ligljl 463 emitted from the light source 461 Illuminates the entire surface of the reticle 464, and the 

portion of the light 463 which illuminates the opaque pattern 469 is stopped by the opaque pattern 469. For 
this reason, only the portion of the light 463 which illuminates the portion of the reticle 464 not provided 
with the opaque patterrj 4B9 is transmitted through the reticle 464 and is imaged on the photoresist layer 
467 via the imaging lens system 465. FIG.3B shows an electrical vector E of the light transmitted through 

10 the reticle 464, and FIG.3C shows a light intensity P of the light transmitted through the reticle 464. A 
pattern having a light intensity distribution proportional to the square of the amplitude of the light 
illuminating the photoresist layer 467 is formed on the photoresist layer 467 and the photoresist layer 467 is 
selectively exposed. 

FIG.3D shows a portion of the reticle (opaque masl<) 464 on an enlarged scale. A minimum width W of 
15 the pattern which can be exposed is restricted by the resolution which is determined by the imaging lens 
system 465. 

Next, a description will t>e given of the light intensity distribution for cases where the pattern which is 
exposed is a line pattern which is finer than the resolution, by referring to FIGS.4A through 4D. In FIGS.4A 
through 4D. the wavelength X of the light used is 365 nm, the numerical aperture NA is 0.50 and the partial 

20 coherency a of the light is approximately 0.5. 

FIG. 4 A shows the light intensity distribution for the case where the line pattern which is imaged has a 
width of 0.35 um. The light intensity approaches zero aF>proximately at a center position (0.0) and gradually 
rises on both sides of the center position (0.0). The line width is approximately 1.0 urn or greater at a 
position where the light intensity is a maximum. When the photoresist layer is developed using a position 

25 where the light intensity is approximately 0.2 as a developing threshold, it is possible to develop a pattern 
which has a designed width in the order of 0.35 um. 

FIG.4B shows the light intensity distribution for the case where the line pattern which is imaged has a 
width pi 0.30 um. A minimum of the light intensity at the center position (0.0) is increased compared to the 
light intensity distribution shown in FIG.4A. The width of the light intensity distribution Itself shown in FIG.4B 

30 is not much different fronr» that of FIG.4A. 

FIGS.4C and 4D respectively show the light intensity distributions for the cases where the line pattern 
which are imaged have widths of 0.25 um and 0.20 um. In each of FI6S.4C and 4D. the minimum of the 
fight intensity at the center position (0.0) is increased compared to the light intensity distribution shown in 
F1G.4A, similarly to the case shown in FIG.4B. The width of the light intensity distribution itself shown in 

35 each of FIGS.4C and 4D is not much different from that of FIG.4A. In other words, even when the pattern 
width is reduced exceeding the resolution, the pattern width of the light intensity distribution which is 
obtained does not decrease and the minimum of the light intensity at the center position (0,0) increases. In 
these cases, it is impossible to reduce the line width which is exposed, and the black level Is exposed as a 
gray level. For these reasons, it is impossible to form an image which is finer than the resolution. 

40 On the other hand, a method of shifting the phase of the light which is transmitted through the mask 
and exposed on the wafer by 180* depending on the patterns of the mask is proposed in Marc D. 
Levenson. "Improving Resolution in Photolithography with a Phase-Shifting Mask", IEEE TRANSACTIONS 
OH ELECTRON DEVICES. Vol.ED-29. No.12. December 1982. According to this proposed method, the 
Interference between the patterns is eliminated so as to improve the contrast on the wafer and improve the 

45 resolution of the exposure apparatus. 

However, it is difficult to apply this proposed method to masks and reticles having fine patterns, and 
there is a problem in that it is troublesome to generate pattern data peculiar to the phase shift pattern. For 
this reason, there is a demand to realize a phase shift pattern which is easily applicable to masks and 
reticles having fine patterns and does not substantially increase the number of processes such as the 

60 generation of the pattern data. 

The phase shift pattern of the phase-shifting mask which Is used according to this proposed method is 
fornied as follows. First, an auxiliary pattern is formed in a vicinity of a design panern (white pattern) which 
IS to be transferred onto the wafer, where the auxiliary pattern has a width smaller than that of the design 
pattern. Second, a phase shifter Is formed on the auxiliary pattern. The phase shifter is an organic pattern 

S5 made of a resist or the like which is formed by coating, exposure and developing processes, or an inorganic 
pattern which is formed by chemical vapor deposition and lithography processes. For example, a descrip- 
tion will now be given of a method of forming a phase-shifting mask which uses a negative resist pattern as 
the phase shifter, by referring to FIGS.5A through 5D. 
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In FIG.SA, an opaque layer 552 Is formed on a glass substrats 551. An aperture pattern, that Is, a 
design pattern 553 comprising 3 transmission region, and fine patterns 554A and 554B are formed In the 
opaque layer 552 by a lithography using an electron loeam exposure. For example, the design pattern 553 
has a width in the order of 1.5 urn, and the fine aperture pallerns 554a and 554B have a width in the order 

5 of 0.5 urn. The fine aperture patterns 554A and 5548 are formed as auxiliary patterns in a region noigboring 
the design pattern and separated by a distance in the order of 0.5 um, for example. 

Next, as shown in FIG.5B, a transparent conductor layer 555 for preventing charge up at the time of the 
electron beam exposure is formed on the surface of the glass substrate 551 including the inner sides of the 
aperture patterns 553. 554A and 554B. 

70 Then, as shown in FIG.5C. a negative resist layer 656 is formed on the glass substrate 551 to a 
thickness such that the phase of the light which is transmitted through the negative resist layer 656 is 
shifted by 180*. A prcbaking process is made if needed, and a phase shift pattern is fonmed on tho fine 
patterns 554 A and 554B by the electron beam exposure. 

A thickness D of the negative resist layer 656 can be obtained from the following formula (1), where x 

15 denotes the wavelength of the light used for the exposure and n denotes a refractive index of the sNfter 
material. 

D = X/2(n - 1) (1) 

20 When using the i-ray having the wavelength of 365 nm for the exposure, the refractive index n of the 
negative resist layer 656 is approximately 1.6 and the thickness D becomes approximately 304 urn. 

Next, as shov^n in FIG .50, a developing process is made to selectively form phase shift patterns 556 A 
and 556B on the fine patterns 554A and 554B, respectively. The phase shift patterns 556A and 556B is 
made up of the negative resist layer 656 which has the thickness D. 

25 FIG.6 shows a phase profile corresponding to the pattern position of the i-ray transmitted through the 
phase-shifting mask shown in FIG.5D when the i-ray is used for the exposure. 

On the other hand, when a positive resist is used, a phase shift pattern 557 which is made up of the 
positive resist is selectively formed on the design pattern 535 as shown in FIG.7 by processes similar to 
those described in conjunction with FIGS.5A through 5D. In FIG.7. those parts which are essentially the 

30 same as those corresponding parts in F)GS.5A through 5D are designated by the same reference numerals, 
and a description thereof will be omitted. 

RG.B shows a phase profile corresponding to the pattern position of the i-ray transmitted through the 
phase-shifting mask shown In FIG.7 when the i-ray is used for the exposure. 

According to the phase-shifting mask shown in FIGS.5D and 7. the phase of the i-ray (ia and ic) which is 

35 transmitted through the design pattern 553 and the phase of the i-ray (it and id) which is transmitted 
through the fine patterns (auxiliary patterns) 554A and 554B differ by 180* as may be seen from FIGS.6 
and 8. For ihls reason, the i-ray (ia and ic) which is scattered in the horizontal direction from the region 
immediately below the design pattern is cancelled by the i-ray (ib and id) which is scattered in the horizontal 
direction from the region immediately below the auxiliary pattern » and the contrast at the ends of the 

40 exposure region is improved thereby improving the resolution. 

The aperture width of the auxiliary pattern is made narrow to such an extent that the light used for the 
standard exposure is insufficient to expose the resist layer to the bottom portion thereof. Hence, the 
auxiliary pattern vyili not be transferred onto the wafer when the exposure is made using the phase-shifting 
mask, 

45 For example, the methods described in conjunction with FIGS.5 through 8 are proposed in Japanese 
Laid-open Patent Applications No.61 -292643. No.62-67514 and No.62-18946. 
However, the conventional masks suffer from the following disadvantages. 

First, in the case of the mask which uses no phase shift. It is difficult to form a pattern which is narrower 
than the wavelength of the light due to the physical resolution limit of the optical system. When an attempt 
50 is made to realize a narrow line width, it is necessary to make a structural modification such as reducing the 
wavelength of the light and increasing the numerical aperture. Accordingly, it is impossible to form the fine 
patterns which are required in the future integrated circuits using the optical method. 

Second, in the case of the mask which uses the phase shift, the pattern formation can only be applied 
to a pattern such as the so-called line-and-space pattern which has regularity, and the pattern formation 
55 cannot be applied to the production of integrated circuits having various patterns. In addition, it is 
impossible to form a fine pattern because an opaque layer must always be provided. 

Third, in the case of the mask v/hich uses the phase shift, the auxiliary pattern must be patterned by 
the exposure technique to a degree finer that the design pattern. For this reason, the fineness of the design 
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pattern must be restricted in order that the resolution limit of the auxiliary pattern is not exceeded. 

Fourth, in the case of the masK which uses the phase shift, the number of steps required to generate 
the pattern data is large because It is necessary to generate in addition to the data related to the design 
pattern the pattern data related to the auxiliary pattern, the pattern data related to the phase shiit and the 
5 tike. 

Fifth, In the case of the mask which uses the phase shift, it is difficult to control the quality and 
thickness of the phase shifter which affects the refractive index when an organic material such as a resist is 
used for the phase shifter. For this reason, it is difficult to form a uniform phase shift pattern which has an 
accurate phase shift quantity. 
10 Sixth, in the case o1 the mask which uses the phase shift, the phase shifter Is made of a material 
different from the glass substrate. Thus, a reflection occurs at the boundary of the phase shifter and the 
glass substrate thereby deteriorating the exposure efficioncy. 

SUMMARY OF THE INVENTION 

IS 

Accordingly, it is a general object of the present invention to provide a novel and useful mask, a mask 
producing method and a pattern forming method In which the problems described above are eliminated. 

Another and more specific object of the present invention is to provide a mask comprising a transparent 
layer which is transparent with respect to a light which is used for an exposure, and a mask pattern layer 

20 which is formed on the transparent layer. At least a portion of the mask pattern layer is made up solely of a 
phase shift layer for transmitting the light, so that a phase shift occurs between a phase of the light 
transmitted through the phase shift layer and a phase of the light tr£msmitted through a portion of the mask 
having no phase shift layer. According to the mask of the present invention, it is possible to form narrow 
patterns having wkith which exceeds the conventtonal resolution limit by effectively utilizing the phase shift 

25 layer. 

Still another object of the present invention is to provide a mask which has a mask pattern comprising a 
transparent layer which is transparent with respect to a light which is used for an exposure, an opaque layer 
which is formed on the transparent layer, and a phase shift region which is formed only in a vicinity of an 
edge portion of the opaque layer. At least a portion of the mask pattern is made up of the opaque layer and 
30 the phase shift region, so that a phase shift occurs between a phase of the light transmitted through the 
phase shift region and a phase of the light transmitted through a portion of the mask having no phase shift 
region, 

A further object of the present invention is to provide a mask producing method comprising the steps of 
forming a resist pattern which is made of a resist material on a transparent layer which is transparent with 

35 respect to a light which is used for an exposure, forming a phase shift layer which transmits the light on the 
resist pattern to a predetermined thickness, so that a phase shift occurs between a phase of the light 
transmitted through the phase shift layer and a phase of the light transmitted through a portion of the mask 
having no phase shift layer, and removing the resist pattern. 

Another object of the present invention is to provide a mask producing method comprising the steps of 

40 forming a stopper layer on a transparent layer which is transparent with respect to a light which is used for 
an exposure, forming a phase shift layer which transmits the light on the stopper layer to a predetermined 
thickness, so that a phase shift occurs between a phase of the light transmitted through the phase shift 
layer and a phase o1 the light transmitted through a portion of the mask having no phase shift layer, fomning 
a resist pattern which is made of a resist material on the phase shift layer, and etching the phase shift layer 

45 using the stopper layer as an etching stopper and the resist pattern as an etching mask. 

Still another object of the present invention is to provide a mask producing method comprising the 
steps of forming an opaque pattern layer on a transparent layer which Is transparent with respect to a light 
which is used tor an exposure, fonming a resist pattern which is made of a resist material on the opaque 
pattern layer, forming a phase shift layer which transmits the light on the resist pattern layer to a 

50 predetermined thickness, so that a ptiase shift occurs between a phase ot the. light transmitted through the 
phase shift layer and a phase of the light transmitted through a portion of the mask having no phase shift 
layer, and removing the resist pattern layer so that the phase shift layer remains on the transparent layer 
and the opaque pattern layer only In a vicinity of an edge portion of the opaque pattern layer in at least one 
part of the mask. 

ss A further object of the present invention is to provide a mask producing method comprising the steps of 
forming an opaque pattern layer on a transparent layer which is transparent with respect to a light which is 
used for an exposure, forming a stopper layer on the opaque pattern layer, forming a phase shift layer 
which transmits tfie light on the opaque pattern layer to a predetermined thickness, so that a phase shift 

6 

BNSOOCID- <EP 0653S79A2 I .> 



EP 0 653 679 A2 



occurs between a phase of the light transmitted through the phase shilt layer and a phase of the light 
transmitted through a portion of the mask having no phase shift layer, fornning a resist pattern which is 
made of a resist material on the phase shift layer, and etching the phase shift layer using the stopper layer 
as an etching stopper and the resist pattern as an etching mask so thai the phase shift layer remains on the 
5 stopper layer only in a vicinity of an edge portion of the opaque pattern layer in at least one pari of the 
mask. 

Another object of the present invention is to provide a mask producing method comprising the steps of 
forming an opaque pattern layer on a transparent layer which is transparent with respect to a light which is 
used for an exposure, forming a resist pattern which is made of a resist material on the opaque pattern 

JO layer, and forming a phase shift region in a vicinity of an edge portion of the opaque pattern layer in at least 
one part of the mask by etching the transparent layer to a predetermined thickness using the resist pattern 
as an etching mask, so that a phase shift occurs between a phase of the light transmitted through the phase 
shift region and a phase of the light transmitted through a portion of the mask having no phase shift region. 
Still another object of the present invention is to provide a mask producing method comprising the 

76 steps of forming a phase shift layer, forming an opaque pattern layer on the phase shift layer which is 
transparent with respect to a light which is used for an exposure, etching the phase shift layer to a 
predetermined thickness in a vicinity of an edge portion of the opaque pattern layer using the opaque 
pattern as an etching mask to form a phase shift region in the vicinity of the edge portion of the opaque 
pattern layer, forming a resist pattern which is made of a resist material on a selected portion of the opaque 

so pattern layer, and etching a remaining portion of the opaque pattern, so that a phase shift occurs between a 
phase of the light transmitted through the phase shift region and a phase of the light transmitted through a 
portion of the mask having no phase shift region. 

A further object of the present invention is to provide a mask producing method comprising the steps of 
forming an opaque pattern layer on a transparent layer which is transparent with respect to a light which is 

25 used for an exposure, etching the transparent layer to a predetermined thickness in a vicinity of an edge 
portion of tlie opaque pattern layer using the opaque pattern as an etching mask to form a phase shift 
region in the vicinity of the edge portion of the opaque pattern layer, forming a resist pattern which is made 
of a resist material on a selected portion of the opaque pattern layer, and etching a remaining portion of the 
opaque pattern layer, so that a phase shift occurs between a phase of the light transmitted through the 

30 phase shift region and a phase of the light transmitted through a portion of Ihe nnask having no phase shift 
region. 

Another object of the present invention is to provide a mask producing method comprising the steps of 
forming an opaque pattern layer on a top of a transparent layer which is transparent with respect to a light 
which is used for an exposure, etching the transparent layer using the opaque pattern as an etching mask, 

36 forming a resist layer which is made of a resist material on the opaque pattern layer, exposing the resist 
layer from a bottom of the transparent layer so as to develop the resist layer into a resist pattern, removing 
a portion of the opaque pattern layer by a side etching, and forming a phase shift region by removing the 
resist pattern in a vicinity of an edge portion of the opaque pattern layer, so that a phase shift occurs 
between a phase of the light transmitted through the phase shift region and a phase of the light transmitted 

40 through a portion of the mask having no phase shift region. 

Still another object of the present invention is to provide a mask producing method comprising the 
steps of forming an opaque pattern layer on a top of a transparent layer which is transparent with respect lo 
a light which is used for an exposure, etching the transparent layer using the opaque pattern as an etching 
mask, forming a resist layer which is made of a resist material on the opaque pattern layer, exposing the 

45 resist layer from a bottom of the transparent layer so as to devetop the resist layer into a resist pattern and 
to expose a portion of the opaque pattern layer, and forming a phase shift region by removing the exposed 
portion of the opaque pattern layer In a vicinity of an edge portion of the opaque pattern layer, so that a 
phase shift occurs between a phase of the light transmitted through Ihe phase shift region and a phase of 
the light transmitted through a portion of the mask having no phase shift region. 

50 A further object of the present invention is to provide a pattern forming method comprising the steps of 
illuminating a mask by a light from a light source, imaging the light transmitted through the mask onto a 
photoresist layer which is formed on a wafer by use of a lens system so as to develop a pattern on the 
photoresist layer, and developing the pattern on the photoresist layer, where the mask comprises a 
transparent layer which is transparent with respect to the light from the light source and a mask pattern 

55 layer which is formed on the transparent layer, and at least a portion of Ihe mask pattern layer is made up 
solely ol a phase shift layer for transmitting the light, so that an interference occurs between the light 
transmitted through the phase shift layer and the light transmitted through a portion of the mask having no 
phase shift layer. 
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Another object of the present invention is to provide a pattern forming method comprising the steps of 
illuminating a mask by a light from a light source. Imaging the light transmitted through the mask onto a 
photoresist layer which is formed on a wafer by use of a \eus system so as to develop a pattern on the 
photoresist layer, and developing the pattern on the photoresist layer, where the mask has a mask pailern 

5 and comprises a transparent layer which is transparent with respect to the light, an opaque layer which is 
formed on the transparent layer, and a phase shift region which is formed in a vicinity of an edge portion of 
the opaque layer, and at least a portion of the mask pattern is made up of the opaque layer and the phase 
shift region, so that an interference occurs between tho light transmitted through the phase shift region and 
the light transmitted through a portion of the mask having no phase shift region. 

TO Other objects and further features of the present invention will be apparertt irom the following detailed 
description when read in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

IS FIG.I is a cross sectional view showing a conventional mask provided with an opaque layer; 

FIG.2 generally shows an optical system which forms a pattern using the mask shown in FIG.1; 
FIGS.3A through 3D are diagrams for explaining a conventional pattern forming method; 
FIGS.4A through 4D show light intensity distributions of the prior art; 

FIGS.5A through 5D are cross sectional views for explaining a method of producing a conventional mask 
20 which has a phase shift layer and uses a negative resist: 

FIG.6 shows a phase profile of the light transmitted through the mask shown in FIG.5D; 

FIG.7 is a cross sectional view for explaining a method of producing a conventional mask which has a 

phase shift layer and uses a positive resist; 

FIG.8 shows a phase profile of the light transmitted through the mask shown in FIG.7; 
25 FIG.9 is a cross sectional view showing a first embodiment of a mask according to the present invention; 
F1GS.10A through 10C are diagrams for explaining the light intensity at one edge portion of a phase shift 
layer: 

FIGS.11A through 110 are diagrams for explaining the light intensity at two edge portions of the phase 
shift layer; 

30 FIQ.12 generally shows an optical system which is used for the exposure of the first embodiment of the 
mask; 

FIG.I 3 is a diagram for explainir^g a first embodiment of a pattern forming method according to the 
present invention; 

FIGS.14A through 14E are cross sectional views for explaining a first embodiment of a mask producing 
35 method according to the present invention; 

FIGS.15A through 15F are cross sectional views for explaining a second embodiment of the mask 
producing method according to the present Invention; 
FIG,16 is a plan view showing a mask pattern; 

F1GS.17A and 17B are diagrams for explaining the light intensity distribution in FIG.I 6; 
40 FIGS.18A through 18C are diagrams for explaining a second embodiment of the pattern forming method 
according to the present invention; 

FIG.1 9 is a cross sectional view showing a second embodiment of the mask according to the present 
invention; 

FIGS.20A and 20B are diagrams for explaining the light intensity at one edge portion of the phase shift 
45 layer; 

FIGS.21A and 21 B are diagrams for explaining the light intensity at two edge portions of the phase shift 
layer; 

FIG.22 is a diagram for explaining a third embodiment of the pattern forming method according to the 
present invention; 

50 FIGS.23A and 23B are diagrams tor explaining a pattern in FlG.19; 

FIGS.24A and 24B are diagrams for explaining the light Intensity distribution in FIG.23; 

FIG.26 Is a diagram lor explaining the second embodiment of the mask applied to the line-and-space 

pattern; 

FIGS.2BA through 26D are diagrams for explaining the light intensity distribution for different dimension 
65 conversion quantiiies and widths of the phase shift layer; 

FIG.27 is a diagram for explaining the conventional light intensity distribution in correspondence witfi 
Fia25; 
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FIGS.28A through 28F are diagrams for explaining the light intensity distribution for the case where a KrF 
excimer laser is used in FIG.25; 

FIGS.29A and 29B are diagrams showing a portion of FIG. 19; 

FIGS.30A and 30B are diagrams for explaining the light intensity distribution in FIG. 23; 
5 FIGS.31A and 31 B aie diagrams for explaining the formation of a black pattern on a white background; 
FIGS.32A and 32B are diagrams for explaining the light intensity distribution in FIGS.31A and 31 B; 
FIGS.33A and 33B are diagrams for explaining the case where the second embodiment of the mask is 
applied to the formation of an integrated circuit pattern; 

FIGS.34A through 34C are diagrams showing a portion of the pattern shown In FIG.19; 
TO FIGS.35A and 35B are diagrams for explaining the light intensity distribution when a pattern width h = 
0.3 um; 

FIGS.36 through 41 respectively aro diagrams for explaining the light intonsity distributions when the 
pattern width h = 0.4, 0.5. 0.6, 0.7, 0,8 and 1.0 um; 

FIGS.42A and 42B are diagrams for explaining the case where the second embodiment of the mask is 
15 applied to the fonmation of a contact hole pattern; 

FIGS.43A and 438 are diagrams for explaining the light Intensity distribution in FIGS.42A and 428; 
FIGS.44A through 44F are cross sectional views for explaining a tNrd embodiment of the mask 
producing method according to the present invention; 

FIGS.45A through 45E are cross sectional views for explaining a fourth embodiment of the mask 
20 producing method according to the present invention; 

FIGS-46A through 46E are cross sectional views for explaining a fifth embodiment of the mask producing 
method according to the present Invention: 

FIG.47 shows a phase profile of the light transmitted through the mask shown in FIG.4eE: 
FIGS.48A through 48C are cross sectional views for explaining a sixth embodiment of the mask 
25 producing method according to the present invention; 

FIG.49 shows a phase profile of the light transmitted through the mask shown in FIG.48C; 

FIGS.50A through 50H are diagrams for explaining a seventh embodiment of the mask producing 

method according to the present invention; 

FIGS.51A through 51 G are diagrams for explaining an eighth embodiment of the mask producing method 
30 according to the present Invention; 

FIGS.52A through 52F are diagrams for explaining a ninth embodiment of the mask producing method 
according to the present invention; 

FIGS.53A through 53F are diagrams for explaining a tenth embodiment of the mask producing method 
according to the present invention; 
35 FIGS.54A through 54E are diagrams for explaining an eleventh embodiment of the mask producing 
method according to the present Invention; 

FIGS.55A through 55C are diagrams for explaining the pattern forming method using the mask; 
FIGS.56A and 56B show light intensity distribulions for explaining the imaging using the edge portion of 
the phase shift layer; 

40 FIGS.57A and 578 are diagrams for explaining the formation of a loop shaped pattern in a fourth 
embodiment of the pattern forming method according to the present invention; 

FIGS.58A and 58B are diagrams for explaining the formation of an open shaped pattern in the fourth 
embodiment of the pattern forming method according to the present Invention; 

FIGS.59A and 598 are diagrams for explaining the formation of a point pattern In the fourth embodiment 
45 of the pattern forming method according to the present invention; 

FIGS.BOA through 60C are diagrams for explaining the formation of an intersecting line pattern In the 

fourth embodiment of the pattern forming method according to the present invention; 

FIGS. 61 A and 618 are diagrams for explaining the formation of a T-shaped pattern in the fourth 

embodiment of the pattern forming method according to the present invention; 
50 FIGS.62A through 62D are diagrams for explaining the formation of an interconnection pattern in the 

fourth embodiment of the pattern fonmlng method according to the present Invention; 

FIGS.63A through 63C are diagrams for explaining the intersecting pattern; 

FIGS.64A through 64C are diagrams for explaining the interconnection pattern; 

FIGS.65A through 65C are diagrams for explaining the interconnection pattern; 
55 FIGS.66A through 66C are diagrams for explaining the oval pattern; 

FIGS.67A and 67B are diagrams for explaining the line-and-space pattern; 

FIGS.68A and 68B are diagrams for explaining a mixed pattern of various sizes; 
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FIG.69 is a cross sectional view showing a sixth embodiment of the mask according to the present 
invention; 

FIGS.70A It^rough 70E, FIGS.7IA through 71 D and FIGS.72A through 72D are diagrams for explaining 
the light intensity distribution for phase shift layers having different thicknesses; 
5 FIG.73 is a diagram for explaining a fifth embodiment of the pattern forming method according to the 
present invention; and 

FIGS.74A, 74B. 75A, 75B. 76A. 76B, 77A and 77B ar© diagrams showing examples of the patterns 
formed according to the present invention. 

ro DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A description will be givon of a first embodiment of a mask according to the present invention, by 
referring to FIG. 9. In FIG.9, a mask 1 comprises a transparent substrate 2 which is transparent with respect 
to a light L which is used for the exposure, and a mask pattern layer 5 which is formed on the transparent 
IS substrate 2. At least one portion of the mask pattern layer 5 is made up solely of a phase shift layer 3a. The 
light L can be transmitted through the phase shift layer 3a. 

The phase of the light which is transmitted through the phase shift layer 3a is shifted from the phase of 
the light which is transmitted through only the transparent substrate 2. Accordingly, an interference occurs 
and the light intensity decreases at the boundary of the light which is transmitted through only the 
20 transparent substrate 2 and the light which is transmitted through the phase shift layer 3a. For this reason, it 
is possible to form on a wafer (not shown) an interference pattern which is smaller than the wavelength of 
the light L which is used for the exposure. In addition, it is possible to adjust the phase shift quantity of the 
light and improve the resolution of the exposure pattern by adjusting the thickness of the mask pattern layer 
5, 

25 FIGS.10A through IOC are diagrams for explaining the light intensity at one edge portion of the phase 
shift layer 3a of the mask 1. In FIG.10A. the phase of the light transmitted through the transparent substrate 
2 and the phase shift layer 3a is shifted by approximately 180 " with respect to the light transmitted through 
only the transparent substrate 2. Hence, an electrical vector E and a light intensity P of the light transmitted 
through the mask 1 respectively become as shown in FIGS. 1 0B and IOC. As may be seen from FIG.10C, it 

30 is possible to expose a line pattern by using the light intensity change at the edge portion of the phase shift 
layer 3a. 

FIGS.11 A through 11 C are diagrams for explaining the light intensity at two edge portions of the phase 
shift layer 3a of the mask 1. In FIGS.IIA through 11C, those parts which are the same as those 
corresponding parts in FIGS.10A through IOC are designated by the same reference numerals, and a 

35 description thereof will be omitted. In this case, the light intensity P of the light transmitted through the 
mask 1 becomes as shown in FIG.llC when a width W of the phase shift layer 3a is sufficiently small. 
Thus, it is possible to control the width of the line pattern by controlling the widlh W. 

FIG. 12 generally shows an optical system which is used for the exposure using the mask 1. For 
example, a light source 6 is made up of a mercury lamp and the mercury lamp is provided with a filter (not 

40 shown) for passing only the i-ray which has the wavelength of 365 nm. The light from the light source 6 
passes through an illumination lens system 8 and reaches the mask 1 as the light L. The mask 1 is 
positioned at the focal distance of the lens system 8. The partial coherency a of the light L is 0.5 in this 
embodiment, but the partial coherency o may be selected within a range such that 0.3 5 o ^ 0.7. 

The light transmitted through the mask 1 is imaged on a wafer 11 which is coated with a photoresist 

45 layer 10 via an imaging lens system 9. The imaging lens system 9 includes a 1/5 reduction lens and has a 
numerical aperture NA of 0.5. The wafer 11 is maintained flat by a chuck (not shown). 

Next, a description will be given of a first embodiment of a pattern forming method according to the 
present invention, by referring to FIG. 13 which shows the exposure state in FIG. 12. The light which passes 
through the illumination lens system 8 sfiown In FIG.12 is transmitted through the mask 1, and the light 

50 which is transmitted through the mask 1 can be divided into a light 7a which is transmitted through the 
mask pattern layer 5 of the mask and a light 7b which is transmitted through a portion of the mask 1 not 
provided with the mask pattern layer 5. The phase of the light 7a differs by 180' with respect to the phase 
of the light 7b. 

The lights 7a and 7b is imaged on the photoresist layer 10 on the wafer 1 1 via the imaging lens system 
55 9. A sharp light intensity change occurs at a portion which corresponds to Ihe edge portion of the phase 
shift layer 3a due to the interference. Hence, it is possible to form on the wafer 11a pattern which is 
smaller than the wavelength of the light used for the exposure. 



10 

BNSOOCIO: <EP_ . 0653679A2 I > 



EP 0 653 679 A2 



Next, a description will be given of first and second embodiments of a mask producing method 
according to the present Invention, by referring to RGS.14 and 15. in FIGS. 14 and 15, those parts which are 
essentially the same as those corresponding parts in FIG.9 are designated by the same reference numerals. 

In FIG.14A, the Iransparenl substrate 2 is made of a material such as quartz and glass wfiich transmits 
5 Ihe i-ray. A resist matenal 3 is formed on the transparent substrate 2 as shown in FIG.14B. A resist such as 
an electron beam (EB) resist and a photoresist is used as the resisi material 3. When the EB resist is used 
as the resist material 3, a resist pattern 4 shown In FIG.14C is formed by drawing by the electron beam and 
carrying out a developing process. Then, a silicon oxide which constitutes the phase shift layer 3a is 
sputtered on the surface of the resist pattern 4 as shown in FIG.14D to a thickness of 0.388 um. Thereafter, 
10 the EB resist is removed by using a resist removal agent so that the mask pattern layer 5 of the phase shift 
layer (silicon oxide layer) 3a is formed on the transparent substrate 2 as shown in FIG.14E. 

On the other hand, in the embodiment shown in FIGS.15A through 15F, the transparent substrate 2 
shown in FIG.15A is the same as thai shown in FIG.14A but an aluminum oxide thin film 12 is formed on 
the transparent substrate 2 as shown in FIG.15B. As shown in FIG.15C, a silicon oxide which constitutes the 
75 phase shift layer 3a is sputtered on the thin film 12 to a thickness of 0.388 um. Furthermore, the resisi 
material 3 is formed on the phase shift layer 3a as shown in FIG.15D. A resist pattern 4 shown in FIG.15E Is 
formed by drawing by the electron beam and carrying out a developing process. Thereafter, a plasma 
etching or a reactive ion etching (RIE) is carried out on the phase shift layer 3a by using a CF4 gas. The 
resist material 3 is removed by the ashing of the oxygen plasma, and the mask pattern 5 of the phase shift 
20 layer (silicon oxide layer) 3a is formed as shown in FIG.15F. Because the thin film 12 is not etched by the 
CFa gas. the thin film 12 acts as an etching stopper. Thus, it is possible to obtain the mask pattern 5 which 
is made up of the phase shift layer 3a accurately having the thickness of 0.388 um. 

The thickness of the phase shift layer 3a is set to 0.388 um for the purpose of shifting the phase of the 
i-ray by 180*. that is. inverting the phase. The phase shift quantity and the thickness of the phase shift 
25 layer 3a can be described by the following general formula (2). where n denotes the refractive index of the 
phase shift layer 3a. X denotes the wavelength of the light L used. S denotes the (phase shift quantity)/2w - 
(or 1/2 when inverting the phase), and t denotes the thickness of the phase shift layer 3a. 

(n.t/X)-(tA) = S (2) 

30 

In the ennbodiments shown in FIGS.14 and 15. the refractive Index n of the phase shift layer 3a is 1.47, 
the wavelength X of the light L used is 0.365 nm. and the phase shift quantity S is 1/2. Hence, the general 
formula (2) can be rewritten as the following formula (3). 

35 (1.471/0.365) - (t/A).365) = 1/2 (3) 

Therefore, the thickness t of the phase shift layer 3a is calculated as 0.388 um from the formula (3). The 
phase shift quantity S is set to 1/2 (180') in these embodiments because 180* is an optimum phase shift 
quantity for forming the pattern by the interference. 

40 FIG. 16 shows a plan view of the mask pattern 5 of the mask 1 which is produced in the above 
described n^anner. When forming a line-and-space pattern with the resolution limit 0I 0.35 um by use of a 
1/5 recution lens system, a tight intensity shown in FIG. 178 can be obtained on the wafer 11 when a width 
b is set to 0.15 um (reticle size of 0.75 um) and a width a of a region 13 having no phase shift layer 3a is 
set to 0.55 um (reticle size of 2.75 um). 

45 A comparison will now be made of FIGS.17B and 17A. For the sake of convenience, it Is assumed that 
the opaque layer 451 shown in FIG.1 is made of Cr and has a thickness in the range of 50 to 80 nm and a 
width of 0.35 um (reticle size of 1.75 um) for the conventional method. In addition, it is assumed that the 
interval of the opaque pattern is set to 0.35 um (reticle size of 1 .75 um) for the conventional method. As 
shown in FIG.17A, the light intensity is approximately 50 % according to the conventional method, and It is 

so evident that the contrast is poor. In this state, it is impossible to form a pattern on the photoresist layer 455 
on the wafer 454 in FIG.2. But on the other hand, in the above described embodiments, the light intensity is 
approximately 80 % on the wafer n as shown in FIG.17B. Accordingly, the light intensity is greatly 
• improved. In addition, the contrast (resolution) is greatly improved because there Is no change at the dark 
portion. 

56 Next, a description will be given of a second embodiment of the pattern forming method according to 
the present invenlion, by referring to FIG. 18. FIGS.18A and 18B respectively are a plan view and a cross 
sectional view showing the mask 1 which is for forming a pattern on the wafer, where large and fine patterns 
coexist in the pattern. An opaque layer 1 4 which is made of a Cr layer having a thickness of 50 to 80 nm is 
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indicated by a hatched region. In addition, an exposed portion of the transparent substrate 2 is indicated by 
a white background. The exposed portion is divided into a large pattern region 15 and a fine pattern region 
16. The phase shift layer 3a is formed within the tine pattern region 15. The large panern region 15 is 
patterned by the conventional method, while the fine paUern region 16 is formed by use of the phase shift 
5 layer 3a. Large patterns and fine patterns usually coexist In the integrated circuil. Hence, this embodiment 
is especially suited for patterning the integrated circuit. FIG.18C shows a pattern which is Imaged on the 
wafer 11 by using the mask shown in FIGS.1BA and 18B. According to this embodiment, it is possible to 
form the pattern in a small number of steps even when the pattern includes fine patterns, and it is possible 
to sufficiently Improve the resolution. 
TO Next, a description will be given of a second embodiment of the mask according to the present 
Invention, by referring to FIG.19. A mask 1A shown in FIG. 19 comprises the transparent substrate 2, an 
opaque layer 14 which is formed on the transparent substrate 2, and the phase shift layer 3a which is 
formed at the edgo portion of the opaquo layer 14. For example, the opaque layer 14 is made of Cr and is 
formed to a thickness of 50 to 80 nnn. For the sake of convenience, it Is assumed that a fine pattern is 
75 isolated on the left part of the transparent substrate 2 in FIG.19 and fine patterns are located adjacent to 
each other on the right part of the transparent substrate 2. In addition, a pattern 3b for forming a fine pattern 
is made up solely of the phase shift layer 3a. This pattern 3b is transferred onto the wafer 11 by the 
interference caused by the phase shifter, as v/il! be described later in the specification. Distances a, b and c 
shown in FIG.19 will also be described later in the specification. 
20 FIGS-20A and 20B are diagrams for explaining the light intensity at the edge portion of the phase shift 
layer 3a of the mask 1A. In FIG.20A. the phase of the light transmitted through the transparent substrate 2 
and the phase shift layer 3a is shifted by approximately 180* with respect to the light transmitted through 
only the transparent substrate 2. Hence, the light intensity P of the light transmitted through the mask 1A 
t)ecomes as shown in FIG.20B. As may t)e seen from FIG.20B. It is possible to expose a line pattern by 
25 using the light intensity change at the edge portion of the phase shift layer 3a. 

FIGS.21A and 21 B are diagrams for explaining the light intensity at two edge portions of the phase shift 
layer 3a of the mask 1A. In FIGS.21A and 21 B, those parts which are the same as those corresponding 
parts in FIGS.20A and 208 are designated by the same- reference numerals, and a description thereof will 
be omitted. In this case, the light intensity P of the light transmitted through the mask 1A becomes as 
30 shown in FIG.21B. Thus, it is possible to control the width of the line pattern by controlling the width W. 

Next, a description will be given of a third embodiment of the pattern forming method according to the 
present invention, by referring to FIG.22 which generally shows an optical system which uses the mask 1A 
for the exposure. In FIG.22, those parts which are essentially the same as those corresponding parts in 
FIG.13 are designated by the same reference numerals, and a description thereof will be omitted. 
35 In FIG.22. the light L which originates from the light source 6 and reaches the mask 1A via the 
illumination lens system 8 cannot be transnnitted through the opaque layer 14. The phase of the light 7a 
transmitted through the phase shift layer 3a is shifted and is inverted with respect to the phase of the light 
7b which is transmitted through only the transparent substrate 2. The lights 7a and 7b are imaged on the 
photoresist layer 10 on the wafer 11 via the imaging lens system 9. In this case, the lights 7a and 7b 
40 mutually interfere and a sharp light intensity change occurs. Accordingly, it is possible to improve the 
contrast between the portion provided with no opaque layer 14 and the portion provided with the opaque 
layer 14. The conditions of the optical system shown in FIG.22 are the same as those of the optical system 
shown in FIG.13. Thus, the thickness of the phase shift layer 3a is set to 0.388 urn and the phase shift 
quantity is set to 180* based on the formula (3). 
45 Next, a description will be given of the effects obtained by forming the phase shift layer 3a at the edge 
portion of the opaque layer 14. by refenring to FIGS.23 through 26. 

FIG.23A shows a case where no phase shift layer 3a Is provided at the edge portion of the opaque 
layer 14, and FIG. 238 shows a case where the phase shift layer 3a is provided at the edge portion of the 
opaque layer 3a with a width b of 0.15 urn. FIGS.24A ancJ 24B respectively show the light intensity 
50 distributions for the cases shown in FIGS.23A and 23B. In the case shown in FIG.24B, it can be seen that 
the light Intensity distribution changes sharply at the portion of the phase shift layer 3a in a vicinity of 0.0 
um on the x-axis. In other words, it can be seen from FIG.24B that the capability of forming the fine pattern 
is large in this case. In this case, the boundary of the phase shift layer 3a and the exposed portion of the 
transparent substrate 2 is O.O um on the x-axis. Thus, when the boundary of the opaque layer 14 and the 
66 phase shirt layer 3a is assumed to be -0.15 um on the x-axis. the boundary between the black and while 
portions of the pattern becomes +0.1 um from FIG.16B. 

Therefore, when the light used for the exposure is the i-ray having the wavelength of 365 nm and the 
numerical aperture NA of the lens system is 0.5, it is possible to form the resist pattern to the designed 
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dimension when the exposed portion of the transparent substrate 2 is made 0.2 um (0.1 um on each side) 
larger than the designed dimension and the phase shift layer 3a is formed with a width of 0J5 urn on the 
periphery ot the exposed portion of the transparent substrate 2. In tne case where the mask lA is a reticle 
whicfi has the pattern with a dimension five times that of the resist pattern to be exposed on the wafer ll.il 

5 is possible lo form the resist paltern to Ihe designed dimension when the exposed portion of the transparent 
substrate 2 is made 1.0 um (0.5 um on each side) larger than the designed dimension and the phase shift 
layer 3a is formed with a width of 0.75 um on the periphery of the exposed portion of the transparent 
substrate 2. In the description given hereunder, it is assumed for the sake of convenience that the reticle is 
made according to the same rule. 

70 The above rule must be changed when the wavelength X of the light or the numerical aperture NA of 
the lens systerr changes. In other words, it is necessary to change the dimension conversion quantity of the 
exposed portion of the transparent substrate 2 and the width of the phase shift layer 3a formed in the 
periphery of the cdgo portion of tho opaque layer 14. For example, when a KrF laser is used as the light 
source which emits a light having a wave length of 248 nm and the lens system used has a numerical 

/6 aperture ol 0.48. it is possible to obtain an optimum effect when the exposed portion of the transparent 
substrate 2 is made 0.13 ;im {0.065 um on each side) larger than the designed dimension and the phase 
shift layer 3a at the periphery of the edge portion of the opaque layer 14 is formed with a width of 0.06 um. 
In the case where the mask 1A is a reticle which has the pattern with a dimension five times that of the 
resist pattern to be exposed on the wafer 11, it is possible to obtain the optimum effect when the exposed 

20 portion of the transparent substrate 2 is made 0.65 um (0.325 um on each side) larger than the designed 
dimension and the phase shift layer 3a is formed with a width of 0.30 um on the periphery of the exposed 
portion of the transparent substrate 2. When the white patterns close upon each other, the region of the 
opaque layer 14 disappears between the white patterns and the white patterns are separated solely by the 
phase shift layer 3a. 

25 it is known from experience that the resolution is improved by 20 % when the phase shift method is 
employed. Hence, the dimension conversion quantity at the exposed portion of the transparent substrate 2 
and the width of the phase shift layer 3a can be obtained from experience. That is, when the i-ray is used 
for the exposure and the numerical aperture NA of the lens system is 0.5. the resolution limit for the case 
where no phase shift is made can be described by 0.6 x (X/NA) and the resolution limit for the case where 

30 the phase shift is made can be described by 0-6 x <XiNA) x 0.8. Therefore, the width of the phase shift layer 
3a can be calculated as 0.35 um when numerical values are substituted. 

FIG.25 shows a case where this embodiment is applied to the so-called line-and-space pattern. In 
RG.2S. the phase shift layer 3a is formed at the edge portion of the opaque layer 14, and the phase shift 
layer 3a is also formed between the four spaces in which the transparent substrate 2 is exposed. 

35 FIGS.26A through 26D show the Vight intensity distributions ol the line-and-space pattern with the 
resolution limit of 0.35 um when the phase shift is made when the dimension conversion quantity a at the 
exposed portion of the transparent substrate 2 and the width b of the phase shift layer 3a are varied. 
RG.26A shows the light intensity distribution for the case where a = 0.45 um and b = 0.26 um. FIG.26B 
shows the light intensity distribution for the case where a = 0.50 um and b = 0.20 um. FIG.26C shows the 

40 light intensity dislributiori for the case where a = 0.55 um and b = 0.15 um. FIG.26D shows the light 
intensity distribution for the case where a = 0.60 um and b = 0.10 um. It is necessary that a + b = 0.70 
um in order that the line-and-space pattern is formed. As may be seen from FIGS.26A through 26D. the 
peak of the light intensity decreases when the width b of the phase shift layer 3a is large. In addition, when 
the width b of the phase shift layer 3a is small, the light intensity at the space portion becomes large and 

45 the contrast decreases. An optimum contrast is obtained when b = 0.15 um, and a = 0.55 um in this case. 
The boundary between the phase shift layer 3a and the exposed portion of the transparent substrate 2 is 
shifted so as to enlarge the exposed portion of the transparent substrate 2 by 0.10 um on each side from 
the designed dimension, and this case corresponds to the edge portion of the large pattern described 
above. The width b of the phase shift layer 3a must be set within 30 to 60 % of the resolution limit, that is, 

50 within the range of 0.144 to 0.228 um. 

A high contrast can be obtained especially when the width b of the phase shift layer 3a is set within 40 
to 50 % of the resolution limit. 

FIG.27 shows the light intensity distribution of the conventional mask shown in FiG.t for the case where 
the width of the exposed portion of the transparent substrate 452 is 0.35 um and the width of the opaque 
layer 451 is 0,35 um. In the case where the mask shown in FiG.27 is a reticle which has the pattern with a 
dimension five times that of the resist pattern lo be exposed on the wafer. FIG.27 corresponds lo the light 
intensity distribution of the conventional reticle for the case where the width of the exposed portion of the 
transparent substrate 452 is 1.75 and the width of the opaque layer 451 is 1.75 um. In FIG.27, the light 
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intensity is approximately 55 % while the light intensity is approximately 80 % in F1G.26C. Hence, it is 
readily seen that the contrast is greatly inriproved in this ennbocltnient. 

When the KrF excimer laser is used to emit a light having a wavelength of 248 nm and the lens system 
used has a numerical aperture NA of 0.48. the resolution limil is 0.25 um when the phase shift is made, 
5 FIGS.28B through 28F show the light intensity distributions of (or this case when (he dimension conversion 
quantity a at the exposed portion of the transparent substrate 2 and the width b of the phase shift layer 3a 
are varied. FIG.28A shows for comparison purposes the light intensity distribution for the case where no 
phase shift is made. FIG.28B shows the light intensity distribution for the case where a « 0.35 um and b » 
0.15 am FIG.28C shows the light intensity distribution for the case where a = 0,36 iim and b =0.14 um. 
10 FIG.28D shows the light intensity distribution for the case where a = 0.38 um and b = 0.12 um. FIG.28E 
shows the light Intensity distribution for the case where a = 0.40 um and b = 0.10 um. FIQ.28F shows the 
light intensity distribution for the case where a = 0.42 um and b = O.OB um. An optimum contrast is 
obtained when b = 0.12 um as may bo seen from FIG.23D. The width b of the phase shift layer 3a must 
be set within 30 to 60 % of the resolution limit. 

n FIG.29A shows a portion of the mask 1A shown in RG.19. In FIG.29A, the phase shift layer 3a is formed 
at both edge portions of the opaque layer 14. and the transparent substrate 2 is exposed between the 
phase shift layers 3a. On the other hand, FIG .296 shows a portion ol the conventional mask 450 shown In 
FIG.I for comparison purposes. In RG.29B, the mask pattern made solely of the opaque layer 451 is 
fornned on the transparent substrate 452. 

20 When comparing FIGS.29A and 29B, it is assumed that the width a of the exposed portion of the 
transparent substrate 2 shown in FIG.29A is 0.55 um (reticle size of 2.75 um). the width b of the phase shift 
layer 3a is 0.15 um (reticle size of 1.75 um). and the width d of the exposed portion of the transparent 
substrate 452 shown in RG.29B is 0.35 um (reticle size of 1 .75 um). FIGS.30A and 30B respectively show 
the light intensity distributions for the cases shown in FIGS.29A and 29B. As may be seen from FIG.30A. 

25 the tight intensity is approximately 100 % in this embodiment while the light intensity is approximately 65 % 
in the conventional case, and it can be seen that the contrast is greatly improved according to this 
embodiment. Therefore, it is possible to obtain satisfactory results when the exposed portion of the 
transparent substrate 2 is fonned larger than the designed pattern which is to be formed on the wafer and 
the phase shift layer 3a is formed on the peripheral portion of the exposed portion of the transparent 

30 substrate 2. 

Next, a description will be given of a case where a black pattern is formed on a white background, by 
referring to FIGS.31A and 318. FIG.31A shows a mask for forming a black pattern of 0.35 um using the 
phase shift. According to the rule described above, the mask pattern is made up solely of the phase shift 
layer 3a which has a width c of 0.15 um (reticle size of 0.75 um). In this case, the light intensity of the 

35 pattern imaged on the wafer becomes as shown in FIG.32A. On the other hand. FIG.31B shows a mask for 
forming the black pattern of 0.35 um without the use of the phase shift. The mask shown in FIG,31 B is 
made up of the opaque layer 14 having a width of 0.35 um (reticle size of 1 .75 um). In this case, the light 
intensity of the pattern imaged on the wafer becomes as shown in FIG .328. As may be seen by comparing 
FIGS.32A and 32B. there is a sharp decrease in the light intensity when the phase shift is used, and the 

40 resolution of the black pattern is improved. 

FIGS.33A and 33B show the case where the this embodiment is applied to the formation of the 
integrated circuit pattern. FIG.33A is a plan view showing a portion of the mask 1A, and FIG.33B is a plan 
view showing a pattern which is imaged on the wafer 11 . In FIG.33A, the phase shift layer 3a is formed at 
the edge portion of the opaque layer 14 and at the exposed portion of the transparent substrate 2 where the 

45 fine patterns are adjacent to each other. In other words. In FIG.33A there are provided an isolated region 15 
and a pattern adjacent region 16. 

FIG.34A shows a pattern which is formed on the wafer 11 using the mask 1A, and a description will now 
be given ol the interference caused by the mask 1A. In FIG.34A, it is assumed that a pattern width g is 
fixed to 0.35 um and a pattern width h is varied to take the values 0.35, 0.4, 0.5, 0.6, 0.7, 0.8 and 1.0 um. In 

60 this case, according to the rule described above, the mask pattern for the case where the patterns with the. 
pattern width h of 0.35» 0.4 and 0.5 um are adjacent becomes as shown in FI6.34B wherein the mask 
pattern is made up solely of the phase shift layer 3a and the white patterns are isolated. In addition, the 
mask pattern for the case where the patterns with the pattenn width h of 0.6, 0.7, 0.8 and 1.0 um are 
isolated from each other to a certain extent becomes as shown in FIG.34C wherein a region of the opaque 

56 layer 14 exists between the while patterns. 

For llie sake of convenience, it is assumed that the pattern width h on the wafer 11 is 0.35 um. FIG.35A 
shows the light intensity distribution for the mask shown in FIG.34B when the mask dimension a is 0.55 um 
(reticle size of 2.75 um), b is 0.15 um (reticle size of 0.75 um) and c is 0.15 um (reticle size of 0.75 um). 
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On the other hand. FIG.35B shov/s the light intensity distribution for the conventional mask shown in 
FIG.21B when the mask dimension e is 0.35 um (reticle size of 1.75 urn) and f is 0.35 iim (reticle size of 
1.75 urn). When PIGS.35A and 35B are compared, it can be seen that the light intensity is approximately 85 
% according to this embodiment while the light intensity is approximately 55 % in the conventional case, 
and the conirasi is improved according to this embodiment. 

FIG.36 shows the light intensity distribution when the pattern width h is 0.4 urn, FlG.37 shows the light 
intensity distribution when the pattern width h is 0.5 um, FIG.38 shows the light intensity distribution when 
the pattern width h Is 0.6 um, FIG.39 shows the light intensity distribution when the pattern width h is 0.7 
um, FIG.40 shows the light intensity distribution when the pattern width h is 0.8 um, and FIG.41 shows the 
light intensity distribution when the pattern width h is 1.0 um. As is also clear from FtGS.36 through 41, the 
light intensity is large and the contrast is improved according to this embodiment. 

The following Table shows the pattern dimension of the isolated pattern 15 shown in FIG. 33 A for 
various values of the pattern width h. 

Table 





Pattern Dimension (um) 


0.35 


0.35 


0.40 


0.36 


0.50 


0.35 


0.60 


0.35 


0.70 


0.35 


0.80 


0.35 


1.00 


0.35 


Isolated Pattern 


0.35 



As may be seen from the Table, the change in ttie pattern dimension of the isolated pattern 15 caused 
by the interference is within iO.01 um. Accordingly, It is possible to control the pattern dimension. But in 
order to more accurately control the pattern dimension, it is preferable to change the values of the pattern 
widths a. b. c and i in FIGS.34B and 34C. 

Next, a description will be given of the case where this embodiment is applied to the formation of a 
contact hole pattern. FIG.42A shows the mask 1A for forming a contact hole of 0.35 um. According to the 
rule described above, the width a of the exposed portion of the transparent substrate 2 is 0.55 um and the 
width b of the phase shift layer 3a Is 0.15 um. FIG.43A shows the light intensity distribution for this case 
using the mask 1 A shown in FIG.42A. On the other hand. FIG.42B shows the conventional mask for forming 
the contact hole of 0.35 um without tho phase shift. In this case, the width I of the exposed portion of the 
transparent substrate 2 is 0.35 um. F1G.43B shows the light Intensity distribution for this case using the 
mask shown in FIG.42A. As may be seen from FIGS,43A and 43B. the contrast of the contact hole can be 
greatly improved according to this embodiment. 

Next, a description will be given of third and fourth embodiments ol the mask producing method 
according to the present invention, by referring to FIGS.44A through 44F and FIGS.45A through 45E. In 
FIGS-44A through 44F and FIGS.45A through 45E, those parts which are essentially the same as those 
corresponding parts in FIGS.14 and 15 are designated by the same reference numerals, and a description 
thereof will be omitted. 

The transparent substrate 2 shown in FIG.44A is made of quartz, for example. The opaque layer 14 is 
formed on the transparent substrate 2 as shown in FIG 44B. For example, the opaque layer 14 Is made of 
Cr and is formed to a thickness of 50 to 80 nn. A resist material 3 such as an EB resist is formed on the 
opaque layer 14. The resist material is subjected to a usual mask production process (not shown) including 
the electron beam drawing, developing, etching and resist removal steps. Thereafter, a pattern 20 of the 
opaque layer 14 is formed as shown in F1G.44C. The resist material 3 which is an EB resist is formed on 
the pattern 20. and the resist pattern 4 shown in FIG.44D is formed by electron beam drawing and 
developing steps. Furthermore, the phase shirt layer 3s is formed on the resist pattern 4 as shown in 
FIG.44E. For example, the phase shift layer 3a is made of a silicon oxide and has a thickness of 0.388 um. 
Next, the resist material 3 is removed by use of a removal agent and the mask pattern layer 5 of the 
opaque layer 14 and the phase shift layer 3a is formed as shown in FIG.44F. 

In the embodiment shown in FIG.45, the pattern 20 of the opaque layer 14 is formed similarly to the 
steps shown in FIGS.44A through 44C. For example, the opaque layer 14 is made of Cr and has a 
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thickness of 50 to 80 nm. A stopper layer 21 is formed on the pattern 20 as shown in FiG.45B. The stopper 
layer 2i acts as a stopper when making a plasma etching of an oxide layer on the pattern 20. 

For example, the stopper layer 21 is formed on the pattern 20 by sputtering a thin film of aluminum 
oxide which acts as a slopper for the plasma etching which uses CF4. The phase shift layer 3a is formed on 

5 ti^e stopper layer 21 as shown in FIG.45C to a desired thickness. For ej<ample, the phase shift layer 3a is 
made of silicon oxide. The desired thickness of the phase shift layer 3a is set to 0.388 um in this 
embodiment by use of the formula (3) so as to make a phase shift of 1 80 ' . The resist material 3 is formed 
on the phase shift layer 3a. and the resist pattern 4 is formed as shown in FIG.45D by electron beam 
drawing and developing steps. Then, the exposed phase shift layer 3a is etched by the CF4 plasma and the 

10 resist material 3 is removed so as to form the mask pattern layer 5 which comprises the phase shift layer 
3a as shown in FIG.45E. 

Next, a description will be given of a fifth embodiment of tho mask producing method according to tho 
present invention, by referring to FIGS.46A through 46E. This embodiment of the mask producing method 
produces a third embodiment of the mask according to the present invention shown in F1G.46E is produced, 
fs The third embodiment of the mask has a designed pattern having a width of 1 um, for example, and has a 
structure for shifting the phase of the light wherein a region corresponding to tho phase shift pattern of the 
glass substrate is located at a position deeper than that of the designed pattern. 

In FIG.46A, a glass substrate 31 is made of quartz and has a thickness of 2 to 3 mm. An opaque layer 

32 is formed on the glass substrate 31 . For example, tho opaque layer 32 is made of Cr and is formed on 
20 the glass substrate 31 by a sputtering CR to a thickness of 500 to 1000 A. In addition, an aperture pattern 

33 is formed in the opaque layer 32 by a normal lithography using the electron beam exposure. The 
aperture pattern 33 has a width of 0,85 um in the case of the designed pattern having the width of 0.35 urn. 

Next, in FIG. 468. a conductor layer 34 is formed on the glass substrate 31 for preventing charge up at 
the time of the electron beam exposure. For example, the conductor layer 34 is made of MoSis and is 

25 sputtered on the glass substrate 31 to a thickness of 200 to 300 A. Thereafter, a negative EB resist layer 35 
is formed on the glass substrate 31 and prebaked. In addition, the pattern having the width of 0.55 um is 
subjected to an electron beam exposure approximately above the central portion of the aperture pattern 33 
in the opaque layer 32, An exposed portion of the EB resist layer 35 is denoted by 35A. 

Then, as shown in FIG.46C, a normal developing is made to selectively leave the exposed resist layer 

30 35A on the designed pattern forming region. In addition, an etching process is candled out using a gas 
mixture of CCU and O2 so as to selectively remove the exposed conductor layer 34 by using the exposed 
resist layer 35A as a mask. 

In FIG.46D, the exposed resist layer 35A and the opaque layer 32 are used as masks and an RIE which 
uses a gas mixture of CF* and O2 is carried out on the top surface of the glass substrate 31 which is 

35 exposed in correspondence with phase shift patterns. Phase shift patterns 37A and 37B are formed on 
respective sides of a pattern 36 having a width of 0.55 um on the glass substrate 31. The surface of the 
pattern 36 coincides with the top surface of the glass substrate 31. The phase shift patterns 37A and 37B 
have a width of 0.15 um and has a top surface which is lower than the surface of the pattern 36. In order to 
shift the phase of the light which is transmitted through the phase shift patterns 37A and 378 by ISO' with 

40 respect to the light which is transmitted through the pattern 36. the phase shift patterns 37A and 378 are 
etched to a depth D. When the i-ray having the wavelength of 365 nm is used for the exposure and the 
refractive index of glass making up the glass substrate 31 is 1.54. the depth D in this case is approximately 
0.36 um from the formula (1). 

Next, in FIG.46E, the exposed resist layer 35A is removed by a normal ashing process. In addition, the 

45 conductor layer 34 is removed by a dry etching processing using a gas mixture of CCU and O2. As a result, 
a mask 10 is completed. This mask 10 is the third embodiment of the mask according to the present 
invention. 

FIG.47 shows a phase profile of the light transmitted through the mask IC in correspondence with the 
mask 1C shown in FIG.46E. In FIG.47, ia denotes the light transmitted through tHo central portion and ib 

60 denotes the light transmitted through the phase shift pauerns 37A and 378. 

According to the mask 1 C. the phase shift pattern is made deep by using the negative resist at the time 
of patterning the phase shift pattern. However, when a positive resist is used the central portion is made 
deeper than the phase shift pattern. A fourth embodiment of the mask according to the present invention 
has such a structure and may be produced by steps similar to those shown in FI6S.46A through 46E. 

53 Next, a descriplion will be given of a sixth embodiment of the mask producing method according to Uie 
present invention, by referring to F1GS.48A through 48C. In this embodiment, a mask ID shown in F1G.48C 
is produced. In FIGS.48A through 48C, those pails which are essentially the same as those corresponding 
parts in FIQS.46A through 46E are designated by the same reference numerals, and a description thereof 
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will be omitted. 

In FIG.48A, the opaque layer 32 is formed on the glass substrate 3i, and the aperture pattern 33 is 
formed in the opaque layer 32. The apenure pattern 33 has a width o1 0.85 urn. Trie conductor layer 34 for 
preventing charge up is formed on the glass substrate 31, and a positive EB resist layer 38 is thereafter 
5 formed on the glass substrate 31. Then, an electron beam exposure is made with respect to the designed 
pattern which is located on the resist layer 38 at the central portion of the aperture pattern 33 in the opaque 
layer 32. An exposed region is denoted by 38A. 

In FIG.4CB. the exposed region 38A of the resist layer 38 is removed by a developing process. A dry 
etching using a gas mixture of CCU and O2 rennoves the conductor layer 34 exposed at an aperture 39 in 
70 the resist layer 38. An RIE using a gas mixture of CF4 and O2 etches the top surface of the glass substrate 
31 which is exposed within the aperture 39 similarly to the above described embodiment. The glass 
substrate 31 is etched to the depth D which is approximately 0.36 urn. 

In FIG.48C. the resist layer 38 is removed by an ashing process, and the conductor layer 34 is removed 
by a dry etching using a gas mixture of CCU and 02, Accordingly, the mask ID is completed. 
/5 FIG, 49 shows a phase profile of the light transmitted through the mask ID in correspondence with the 
mask ID shown in FIG.48C. In FIG.49, i,,. denotes the light transmitted through the central poriton and 
denotes the light transmitted through the phase shift patterns 41 A and 41 B. 

Next, a description will be given of a seventh embodiment of the mask producing method according to 
the present invention, by referring to FIGS.50A through 50H. In FIG.50A, a transparent substrate 51 is made 
20 of glass, quartz or the like. A phase shift layer 52 is formed on the transparent substrate 5i as shown in 
FIG, 508, For example, the phase shift layer 52 is made of silicon oxide and is formed by a chemical vapor 
deposition (CVD). a sputtering, a spin-on-glass (SOG) technique and the like. In this embodiment, the phase 
shift layer 52 has a thickness of 3900 A so as to invert the phase of the light. 

In FIG.50C. an opaque layer 53 is formed on the phase shift layer 52. For example, the opaque layer 53 
25 is made of Or and has a thickness of 700 to 1000 A. 

Next, an EB resist is formed on the opaque layer 53. Electron beam drawing, developing and etching 
processes are carried out with respect to the opaque layer 53. As a result, a pattern 53a of the opaque 
layer 53 is formed as shown in FIG.50D. 

The pattern 53a of the opaque layer 53 is used as a mask when etching the phase shift layer 52 as 
30 shown in FIG.50E. In this embodiment, the phase shift layer 52 Is an oxide layer and an RIE using a gas 
mixture of CF* and CHF3 is used for the etching. 

Then, an EB resist layer 54 is formed as shown in FIG.50F, and an unwanted portion 53b of the opaque 
layer 53 is exposed by electron t>eam drawing and developing processes. 

Finally, the EB resist layer 54 is removed and the unwanted portion 53b of the opaque layer 53 is 
35 removed by an etching so as to complete a mask IE. The mask IE corresponds to a fifth embodiment of 
the mask according to the present invention. FIG.50H shows a plan view of the mask 1 E in correspondence 
with FIG.50G. 

Next, a description will be given of an eighth embodiment of the mask producing method according to 
the present invention, by referring to FIGS.51A through 51G. In FIGS.51A through 51G, those parts which 
40 are essentially the same as those corresponding parts in FIGS.50A through 50H are designated by the 
same reference numerals, and a description thereof will be omitted. Steps shown in FIGS.51A through 510 
respectively correspond to the steps shown in FIGS.50A through 500, but the phase shift layer 52 is 
omitted in this embodiment. 

In FIG.51D, the pattern 53a of the opaque layer 53 is used as a mask when etching the transparent 
45 substrate 51. In this embodimenl. an RIE using a gas mixture of OF4 and OHF3 is used for the etching, and 
the transparent substrate 51 is etched to a predetermined depth. When inverting the phase of the light, the 
predetermined depth is set to 3900 A. 

Then, an EB resist layer 54 is fonned as shown in FIG.51E, and the unwanted portion 53b of the 
opaque layer 53 is exposed by electron beam drawing and developing processes. 
50 Finally, the EB resist layer 54 is removed and the unwanted portion 53b of the opaque layer 53 is 
removed by an etching so as to complete the mask 10 shown in FIG.SlF. FIG.51G shows a plan view of 
the mask 10 in correspondence with FIG.51F. 

According to the seventh and eighth embodiments of the mask producing method, the opaque layer is 
used as a mask when etching the phase shift layer or the transparent substrate. Hence» it is possible to 
55 prevent a positioning error between the pattern of the opaque layer and the phase shift pattern by a seK- 
alignmenl. 

Next, a description will be given of a ninth embodiment of the mask producing method according to the 
present invention, by refemng to FIGS.52A through 52F. In FIGS.52A through 52F, those parts which arc 
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essentially the same as those corresponding parts in FIGS.51A through 51 G are designated by the same 
reference numerals, and a description thereof will be omitted. 

in FIG.52A, the opaque layer 53 is formed on the transparent substrate 51 and a pattern is formed by 
an electron beam drawing after forming an EB resist layer (not shown) en the opaque layer 53. This pattern 
5 is developed and the opaque layer 53 is patterned by an etching. For example, the opaque layer 53 is 
made of Cr and is sputtered on the transparent substrate 51. The EB resist layer is removed after the 
patterning. 

In FIG.52B, the pattern 53a of the opaque layer 53 is used as a mask when etching the transparent 
substrate 51 to a predetermined depth. The exposed transparent substrate 51 is etched by a parallel plate 
10 type RIE apparatus with a high-frequency excitation of 13.56 MHz. For example, the etching is carried out 
with a power of approximately 0.1 W/cm^ at a pressure of 0.1 to 0.05 Torr using a gas mixture of CF4 or 
CHF3 and Oz as the otchant gas. The etching depth is controHod to K/2(n - 1) by detocting the depth using 
an end point detector. When X = 0.365 urn, X/2(n - 1) = 0.39 urn. 

In FIG.52C, a positive resist layer 55 (for example, OFPR-800) is formed on the transparent substrate 
T5 51 and the pattern 53c to a thickness of approximately 1.0 urn after the etching of the transparent substrate 
51 and prebaked at a temperature of 100 'C. 

In FIG.52D, a light of the resist exposure region such as a monochromatic light of 40 to 60 mJ/cm^ and 
a wavelength of 436 nm illuminates the transparent substrate 51 in its entirety from a back surface of the 
trar)sparent substrate 51 so as to expos© only the resist layer 55 on the transparent substrate 51. 
30 Thereafter, the transparent substrate 51 is submerged in a solution with 2.38 % of TMAH tor 40 seconds, 
and a developing process is carried out so that only the resist layer 55 remains on the pattern 53c. Then, 
rinse and dry processes are carried out. 

After the resist pattern is formed, a side etching is carried out to remove a portion of the F>attern 53c. 
The side etching quantity is controlled by the etching time so that approxirr^tely 0.4 to 0.8 um of the 
25 opaque pattern 53 Is removed on each side as shown In FIQ.52E. 

Finally, the resist layer 55 remaining on the opaque layer 53 is removed by an O? ashing in FIG.52F, 
and a mask which is substantially the same as the'mask 10 shown in FIG.48C is completed. 

Next, a description will be given of a tenth embodiment of the mask producing method according to the 
present invention, by referring to FIGS.53A through 53F. In FIGS.53A through 53F, those parts which are 
30 essentially the same as those corresponding parts in FIG$.52A through 52F are designated by the same 
reference numerals, and a description thereof will be omitted. 

Steps shown in FIGS.53A through 53C respectively correspond to the steps shown in FIGS.52A through 
52C. However, in FIG.53B. the transparent substrate 51 is etched >J2{r\ - 1). When x = 0.365 um. x/2(n - 1) 
= 0.39 um. 

36 In FIG.53D, the light of the resist exposure region illuminates the transparent substrate 51 in its entirety 
from the back surface of the transparent substrate 51 so as to expose only the resist layer 55 on the 
transparent substrate 51. Thereafter, a developing process is cam'ed out so that only the resist layer 55 
remains on the pattern 53c. Then, in this embodiment, an overexposure is made, an overdeveloping is 
made, or an ashing is made for a short time after the developing and drying so as to partially expose the 

40 opaque layer 53. 

Next, as shown In FIG.53E. the exposed opaque layer 53 is etched using the resist layer 55 as an 
etching mask. 

In FIG.53F, the remaining resist layer 55 on the opaque layer 53 is removed by an O2 ashing. As a 
result, a mask which is substantially the same as the mask ID is completed. 
45 Next, a description will be given of an eleventh embodiment of the mask producing method according 
to the present invention, by referring to FIGS.54A through 54E. In FIGS.54A through 54E, those parts which 
are essentially the same as those corresporKling parts in FIGS.52A through 52F are designated by the 
same reference numerals, and a description thereof will be omitted. 

A step shown in FIG.54A may be the same as the step shown in FIG.52A. But in this embodiment, the 
50 resist layer 55 is formed on the transparent substrate 5i as shown in FIG.54B without etching the 
transparent substrate 51. 

In FIG.54C, only the resist layer 55 on the transparent substrate 51 is removed similarly to the step 
shown in FIG.52D, Thereafter, the resist layer 55 is used as an etching mask to etch the transparent 
substrate 51 X/2(n - 1). When X = 0.365 um, X/2(n - I) = 0.39 um.. 
55 In FIG.54D. a portion of the pattern 53c of the opaque layer 53 is removed by a side etching. A step 
shown in FIG.54E may be the same as the step shown in FIG.52F. 

According to the embodiments described in conjunction with FIGS. 52 A through 54E, there is no need to 
match the positions of the pattern of the opaque layer and the phase shift pattern. Thus, it is possible to 
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produce a mask having a pattern with a high accuracy and no positioning error. In addition, the adhesion 
between the phase shift layer and the substrate, the cleaning and the like may be affected depending on 
the material used for the phase shift layer when the phase shift layer and the substrate are independent. 
However, according (o these embodiments, a portion of the transparent substrate itself is used as the phase 
5 shift layer or phase shift region, and \he material of the phase shift layer does not become a problem. 
Accordingly, there is no need lo take into consideration the stability and durability of the material used for 
the phase shift layer, and it is possible to easily form fine patterns exceedir>g the resolution limit of the 
exposure apparatus. 

Next, a detailed description will be given of the pattern forming method according to the present 
10 invention. FIGS.55A through 55C are diagrams for explaining the pattern forming method using the edge 
portion of the phase shift layer of the mask, and corresponds to FIGS. 1 0A through IOC. In FIGS.55A 
through 55C, those parts which arc essentially the same as those corresponding parts in FlG.12 are 
designated by the same reference numerals, and a doscription thereof will be omitted. 

The phase shift layer having a refractive index n and a thickness t is formed on the transparent 
15 substrate 2 so as to constitute the mask 1 . The pattern of the mask 1 is imaged on the photoresist layer 10 
on the semiconductor wafer 1 1 via the Imaging lens system 9. The desired pattern is imaged by utilizing 
the edge portion of the phase shift layer 3a. 

The light incident to the mask 1 is transmitted through the phase shift layer 3a. Since the refractive 
index n of the phase shift layer 3a is different from that of air or vacuum, the phase of the transmitted light 
20 is shifted. The phase shift quantity S is described by S = (n - 1)t/X or 2ir(n - 1)t/X in radians. For the sake 
of convenience, it is assumed hereunder that the phase shift quantity S is -xr so as to invert the phase of the 
transmitted light. 

As shown in FIG.55B. the phase of the electrical vector E of the light transmitted through the mask 1 is 
inverted in correspondence with the pattern of the phase shift layer 3a When the light having the electrical 

25 vector distribution shown in FIG.55B illuminates the photoresist layer 10 and Is absorbed thereby, the light 
intensity distribution on the photoresist layer 10 becomes proportional to E^. Hence, as shown in FIG.55C, a 
black pattern PB having a narrow width is formed at the position where the phase transition occurs. In other 
words, v^hen the sign of the electrical vector E changes in FIG.55B, there is a point where the electrical 
vector E becomes zero. The light intensity distribution is proportional to E^, and a minimum value of the 

30 light intensity P is zero at the point where the electrical vector E is zero. Accordingly, it is possible to obtain 
a clear black pattern. 

Generally, when the phase shift layer 3a shifts the phase of the transmitted light, it is possible to obtain 
a pattern in which the phase shift is spatially distributed. When the phase shift is 180* , the light intensity P 
at the position where the 180* phase shift occurs is always zero, and a time integral thereof is also zero. 

35 Hence, the light intensity P at the edge portion of the phase shift layer 3a is zero. When the phase shift is 
other than 180*, the sign of the electrical vector E becomes the same or the opposite depending on the 
time, and the time integral of the light intensity P does not become zero. 

A description will now be given of an imaging using the edge portion of the phase shift layer, by 
referring to FIGS.56A and 56B. 

40 F1G.56A shows the light intensity distribution for a case where ihe phase shift layer makes a 180* 
phase shift, that is, inverts the phase of the transmitted light. In F1G.56A. a region on the left of the abscissa 
0.0 corresponds to a region in which the phase shift quantity is 180*. and this region is adjacent to an 
aperture portion on the right with the phase shift quantity of zero at the position 0.0. FIG.56A shows the light 
intensity distribution at one edge portion ol the phase shift layer. The light intensity decreases lo 

45 approximately zero at the central portion of the pattern corresponding to the end of the phase shift layer. By 
utilizing this imaging principle, it is possible to obtain a line pattern exceeding the conventional resolution 
limit. 

FIG.56B shows the light intensity distribution for a case where the phase shift layer makes a 90* phase 
shift. When the phase shift quantity is 90 ' . the phase of the light transmitted through the phase shift layer 

50 and the phase of the light transmitted through the aperture portion may coincide or be inverted. Hence, the 
minimum value of the light intensity does not t>ecome zero when the time integral thereof is taken. In 
FIG.56B, the minimum value o the light intensity is approximately 0.5 or greater and is in the order of 1/2 
the light intensity which Is approximately i.O at the unifonm portion. When the developing level is taken less 
than this light Intensity, it is possible to carry out the developing in which the pattern shown is neglected. In 

55 addtlion, when the developing level is taken ai an intermediate level between the minimum value and the 
uniform value of the light intensity, tlie pattern is developed at the cential porlion thereol. 

Next, a description will be given of a fourth embodiment of the pattern forming method according to the 
present invention, by referring to FIGS.57A and 57B. F1GS.57A and 57B are diagrams for explaining the 
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formation ot a loop shaped pattern according to this embodiment. 

FIG.57A shows a mask pattern. A mask 61 is formed on an aperture 60 in the transparent substrate. 
The mask 61 has a phase shift quantity corresponding to an optical path difference of the half-waves of the 
incoming lighl, and shifts the phase o\ the transmitted light by 180*. When such a mask pattern is imaged, 

5 the iiTiagecJ pattern becomes as shown in FtG.57B. The portion where only the aperture 60 or the phase 
shift layer 61 Is imaged has a constant light intensity and is white. A black pattern 62 is formed at a 
boundary portion of the aperture 60 and the phase shift layer 61. In other words, wfien the light transmitted 
through the aperture 60 and the light transmitted through the phase shift layer 61 mix due to interference, 
mutually opposite phases cancel each other and the light intensity becomes zero, thereby forming a black 

10 pattern. 

When the phase shift layer 61 is made of a silicon oxide and the i-ray from tfie mercury lamp is the 
light which is used for the CKposuro, the refractive index of the phaso shift layer 61 is approximatoly 1 .47 
which has a difference of approximatoly 0.47 with respect to the refractive index of air which is 
approximately 1 .00. The thickness of the phase shift layer 61 is approximately 0.388 um. In order to cancel 

75 the amplitude of the mixed light due to the interference, the inverted phase, that is. 180' phase shift, is 
most effective. However, the phase shift quantity is not limited to 180* and the light Intensity can be 
effectively reduced within the range of 180* ± 30 %. 

When the phase shift layer 61 having the phase shift quantity of 1 80 • is formed above the aperture 
which makes no phase shift as in the case of the mask pattern shown in FIG.57A. a black pattern is formed 

20 at the portion corresponding to the edge portion of the phase shift layer 61 . In this case, the black pattern 
has a closed loop shape. 

FIGS.58A and 58B respectively show a mask pattern for forming an open shape (line segment) and an 
imaged pattern thereof. 

In FIG.58A. the phase shift layer 61 Is formed above the aperture 60. and one side of the phase shift 
25 layer 61 is used for forming a line segment. A phase shift layer 64 having a phase shift quantity of 90* is 
formed adjacent to the remaining (unwanted) sides of the phase shift layer 61. In other words, out of the 
four sides of the phase shift layer 61 having the phase shift quantity of ISO*, one side 61a forms a 
boundary with a regton in wWch the phase shift quantity is zero, and this side 61 a forms a black pattern 65 
in the imaged pattern as shown in FIG.58B. The other sides 6lb, 61c and 61d are adjacent to the phase 
30 shift layer 64 which has the phase shift quantity of 90 • . Hence, the phase shift when crossing these sides 
61b, 61c and 61d is 90", and the decrease in the light intensity is smalt at the edge portion of the phase 
shift layer 61 corresponding to these sides 61b, 61c and 61d. The peripheral sides of the phase shift layer 
64 also have the phase shift quantity of 90* and the decrease in the light intensity Is similarly small. It is 
possible to leave only the black pattern 65 by adjusting the developing level. In this case, a gray level is 
35 formed between the white and black levels, but It is of course possible to use two or more halftones. 

By using a plurality of kinds of phase shift layers having different phase shift quantities, it is possible to 
form the pattern of an open shape such as a line segment. 

FIGS.59A and 59B respectively show a mask pattern for forming a dot pattern and an imaged pattern 
thereof. 

40 In FIG.59A, the phase shift layer 61 having the phase shift quantity of 180' is formed above the 
aperture 60. The phase shift layer 64 which has the phase shift quantity of 90 ' surrounds the phase shift 
layer 61 excluding one vertex portion thereof. In other words, the phase shift layer 61 is adjacent to the 
aperture 60 at only the one vertex portion of the phase shift layer 61. Whan such a mask pattern is imaged, 
the imaged pattern becomes as shown in FIG.59B in which a black pattern 66 is formed only at the portion 

45 where the phase shift layer 61 and the aperttjre 60 connect. Because the phase shift quantity is 90* at the 
boundary of the phase shift layers 61 and 64. the decrease in the light intensity at this boundary is small 
compared to (hat at the portion corresponding to the black pattern 66. In addition, the outer peripheral 
portion of the phase shift layer 64 also has the phase shift quantity of 90 • , and the decrease in the light 
intensity is similarly small. For this reason, it is possible to develop only the black pattern 66 as the pattern 

50 and treat the other patterns in the halftones as white patterns. 

A description is given heretofore with respect to the cases where the pattern to be formed is a line 
segment pattern. But In the following, a description will be given of the formation of a pattern which has an 
intersection. 

FIGS.60A and 60B show mask patterns for forming an intersecting pattern, and FIG.60C shows an 
56 imaged pattern which is formed by the mask patterns shown in FIGS.60A and 60B. 

FIG.60A shows a first mask pallern. The surlace of the mask pattern is divided into four quadrants in 
correspondence with the regions which are divided by the intersecting lines. The aperture 60 which makes 
no phase shift is provided in the first quadrant. The phase shift layer 61 wfwch has the phase shift quantity 

20 
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of 180' Is provided in the two quadrants which are adjacent to the aperture 60. A phase shift layer 67 
which has a phase shift quantity of 360* is provided in the renfialning quadrant. In other words, the 
boundary between two quadrants has a phase shift quantity of 180 *. 

FIG.eOB shows a second mask pattern. Similarly to the first mask pattern shown in FIG.60A. the surface 
5 of the mask pattern shown in FIG.eOB is divided into four quadrants. The aperture 60 which makes no 
phase shirt is provided in the first quadrant. The phase shift layer 61 which has the phase shift quantity of 
180* is provided in the two quadrants adjacent to the aperture 60. An aperture 68 which makes not phase 
shift is provided in the remaining quadrant. In this case, the boundary between two quadrants also has a 
phase shift quantity of 1 80 " . 
10 When the mask patterns shown in FIGS.60A and 60B are imaged, an innaged pattern shown in FIG.60C 
is obtained. That is, a portion having a uniform phase is imaged as a white pattern, and a portion having the 
180 ' phase shift is imaged as a black pattern 69. 

The intersecting lines are not limited to straight lines and may be curved. 

FIQS.61A and 61 B respectively show a mask pattern for forming a T-shaped pattern and an imaged 
75 pattern thereof. 

In FIG.61A. phase shift layers 61a and 61b having the phase shift quantity of 180' are fonmed adjacent 
to the aperture 60 which makes no phase shift. In addition, the aperiuTQ 68 which makes no phase shift is 
formed above the phase shift layer 61a so as to form a boundary having the phase shift quantity of 180' . 
As a result, a black pattern shown in FIG. 61 B is imaged when this mask pattern is imaged. Furthermore, 

70 since a black pattern will be Imaged if the phase shift layers 61b and 68 are directly adjacent to each other 
and form a boundary having the phase shift quantity of 180', a phase shift layer 71 which has a phase shift 
quantity of 90* is formed between the phase shift layers 61b and 68. In other words, the decrease in the 
light intensity is relatively small at the boundary of the phase shift layer 71 because the phase shift quantity 
is only 90*. By appropriately adjusting the developing threshold value, such a decrease In the light intensity 

25 can be developed as a white pattern. As a result, a black pattern 72 shown in FIG.61B is imaged. 

In FIG.61A, there is a gap between the aperture 68 and the phase shift layer 61b. However, such a gap 
may be reduced if needed. 

In semiconductor devices, there is often a need to provide a wide region for making a contact at an 
intermediate part of an interconnection pattern. FIGS.62A through 62C show mask patterns for forming such 

30 an interconnection pattern, and FIG. 63 D shows an imaged pattern thereof. 

In FIG.62A. the aperture 60 which makes no phase shift and the phase shift layer 61 which has the 
phase shift quantity of 1 80 • are adjacent to each other and forms a linear boundary. A phase shift layer 
having a phase shift quantity of 180* is formed within the aperture 60 at the central portion of the 
boundary. An aperture 70 which makes no phase shift is formed in the phase shift layer 61. The aperture 74 

35 and the phase shift layer 75 both have a rectangular shape, and a boundary therebetween is aligned to the 
linear boundary between the aperture 60 and the phase shift layer 61. In FIG.62A, all the boundaries 
indicated by the solid line accompanies a 180* phase shift. 

In FIG.62B, the boundary which defines each region is formed similarly to RG.62B. However, the 
aperture 74 shown in FIG.B2A is replaced by a phase shift layer 76 which has a phase shift quantity of 

40 360*. As in the case of the mask pattern shown in FIG.62A, there is a 180* phase shift between the upper 
and lower regions bounded by the straight horizontal boundary. In addition, a rectangular boundary having 
the phase shift quantity of 180* is formed at the central portion of the mask pattern. 

In F1G.62C. the mask pattern is generally divided into two regions by a straight horizontal boundary, in 
the upper region, the aperture 60 which makes no phase shift is formed on the right and the phase shift 

45 layer 61 which has the phase shift quantity of 180* is formed on the left. The aperture 60 and the phase 
shift layer 61 are adjacent to each other for a limited length. In addition, a phase shift layer 77 which has an 
intermediate phase shift quantity of 90 • is formed between the aperture 60 and the phase shift layer 61 . 
The lower region has a structure similar to that of the upper region. That is. in the lower region, the aperture 
68 which makes no phase shift is formed on the left below the phase shift layer 61, and the phase shift 

50 layer 61 which has the phase shift quantity of 180* is formed on the right below the aperture 60. The 
aperture 58 and the phase shift layer 61 In the lower region are adjacent to each other for a limited length. 
In addition, the phase shift layer 77 which has the intermediate phase shift quantity of 90' Is formed 
between the aperture 68 and the phase shift layer 61 in the lower region. As a whole, a boundary which 
accompanies a 180' phase shift is formed along the straight horizontal line and also at a vertical line 

55 segment portion at the central portion of the mask pattern. 

FIG.62D shows an imaged pattern which* is obtained when the mask patterns shown in FIGS.eSA 
through 62C are imaged. In this case, a black pattern 78 which has a wide region at the central portion is 
imaged. 
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When making the length of the line finite in the mask patterns shown In FIGS.eOA, 60B, 61 A, 62A, 62B 
and 62C. it is sufficient to form In an unwanted portion a region having an intermediate phase shift quantity 
of 90 • or the like. 

The mask patterns for forming various imaged patterns are described above, and now, a description will 
5 be given of the light intensity pfoliles which are obtained by numerical calculations for some of the 
described mask patterns. 

For the catculations, it is assumed for the sake of convenience that the light used for the exposure has 
a wavelength of 365 nm, the imaging lens system has a numerical aperture NA of 0.50, and the light from 
the illumination lens system has a partial coherency o of 0.50. 
to FIGS.63A through 63C are diagrams for explaining the pattern of intersecting llnes. 

FIG.63A generally shows a pattern and a sampling region of the intersecting lines. The mask pattern 
shown in FIG.60B is employed, and the X, Y and 2 coordinates shown on the right in FIG.63A is used. In 
addition, a region indicated by a phantom lino is regarded as the sampling region, and the light intensity 
within the sampling region is calculated according to a mode. FIG.63B is a graph showing the light intensity 

75 profile within the sampling region shown in FIG.63A as a three dimensional model, tt may be seen from 
FIG.63B that a deep valley Is formed at the boundary portion accompanying the SO* phase shift. Although 
FIG.63B does not shows the light intensity profile for the lower half portion of the pattern shown in FIG.63A, 
It is apparent to those skilled in the art that the light Intensity profile has a structure similar to that shown in 
FIG.63B for the lower half portion of the pattern shown in FIG.63A. FIGI.63C shows a projection of the light 

20 intensity profile shown in FIG.63B on an XY plane when the light intensity profile is described by contour 
lines with respect to the light intensity. In other words, regions with the minimum light intensity are formed 
at a portion extending along the lower side in the directbn X and a portion extending along the central 
portion in the direction Y. Portions where the light intensity gradually increases are formed adjacent to such 
regions with the minimum light intensity. 

25 FIGS.64A through 64C are diagrams for explaining the pattern of Interconections. 

FIG.64A shows the mask pattern for the interconnection pattern shown in FIG.62A. and a sampling 
region is indicated by a phantom line. The X. Y and Z coordinates shown on the right of FIG.64A is used. .. . 

FIG.64B shows a light intensity profile within the sampling region shown in FIG.64A. A narrow valley is 
formed along the direction X, and the valley portion widens in a vicinity of a region in which X = 0. FIG.64C 

30 shows a projection of the light intensity profile shown in FIG.64B on the XY piano when the light intensity 
profile is described by contour lines with respect to the light Intensity. It may be seen from FIG.64C that a 
valley portion is formed and the width of this valley portion widens at the central portion. 
FIGS.65A through 65C are diagrams for explaining the pattern of Interconnections. 
FIG.65A shows the mask pattern for the interconnection pattern shown in FIG.62C, and a sampling 

3S region is indicated by a phantom line. On the horizontal axis at the central portion of F1G.65A there are 
formed the aperture 60 which makes no phase shift and the phase shift layer 61 which has the phase shift 
quantity of 180*. The aperture 60 and the phase shift layer 61 are adjacent to each other in part and the 
phase shift layer 77 which has the phase shift quantity of 90 ' is formed between the aperture 60 and the 
phase shift layer 61. In addition, the upper side of the aperture 60 makes an angle 91 to the horizontal 

40 direction. The two sides of the phase shift layer (intermediate region) 77 make an angle 62. Further, the 
upper side of the phase shift layer 61 makes an angle 63 to the horizontal direction. The phase shift layer 
61 which has the phase shift quantity of 180* is formed adjacent to and symmetrically to the aperture 60 
below the horizontal axis, and the aperture 68 which makes no phase shift is formed below the phase shift 
layer 61. In addition, another phase shift layer 77 is formed below the horizontal axis at a position 

46 symmetrica! to the phase shift layer 77 above the horizontal axis. A narrow region at the central portion 
where the apertures 60 and 68 and the phase shift layer 61 meet has a width W1. In this sample, 91 = e2 
= fl3 = 60', and W1 = 0.2 um. FIGS.65B and 65C show the imaged pattern which is formed using such 
a mask pattern. 

FIG.65B shows a light intensity profile within the sampling region shown in FIG.65A. A deep valley is 
50 formed along the direction X. and the valley extends in the direction Y at the central portion. Moreover, a 
shallow branching valley Is formed as shown. 

FIG.65C shows a projection of the light intensity profile shown in FIG.B5B on the XY plane when the 
light Intensity profile is described by contour lines with respect to the light intensity. 

FIGS.66A through 66C are diagrams tor explaining a mask pattern having a structure similar to the 
55 mask pattern shown in FIG.59A. 

In FIG.66A. the aperture 60 which makes no phase shift is Formed on the rigin and Ihe phase shift layer 
61 which has the phase shift quantity of 180* and a triangular shape is formed on the left. The aperture 60 
and the phase shift layer 61 are adjacent to each other for a width W2. In addition, the phase shift layer 64 
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which has the phase shift quantity of 90* is formed in each intermediate region between the aperture 60 
and the phase shift layer 61. The light intensity distribution is calculated tor a sampling region indicated by 
a phantom line. For example, a gap of 0.08 urn is set for the width W2, and two boundary lines which are 
formed by the phase shift la/er 61 and the two phase shift layers 64 make an angle of 60' . 

5 FIG.66B shows Ifie liyhl inlensily distribution within the sampling region shown in FIG.66A, and FIG.66C 

shows a projection of the light intensity profile shown in FIG.66B on the XY plane when the light intensity 
profile is described by contour lines with respect to the light intensity. As may be seen from FIG.66C. an 
oval region in which the light intensity is a minimum is formed in a vicinity of the position (0.0). 
FIQS.67A and 67B are diagrams for explaining a line-and-space pattern. 

10 FIG.67A shows a mask pattern for the line-and-space pattern. The line-and-space pattern is formed by 
an aperture region 80 and a phase shift regton 81 which are alternately formed, where the aperture region 
80 makes no phase shift and Iho phaso shift region 81 has a phase shirt quantity of 180*. For example, 
when the widths of the aperture region 80 and the phaso shift region 81 respectively arc 0.5 um and the 
light intensity profile of the imaged pattern is calculated, the light intensity profile shown in FIG.67B is 

75 obtained. A minimum of the light intensity is formed at a portion corresponding to the boundary between 
the aperture region 80 and the phase shift region 81. When making the calculation, it is assumed for the 
sake of convenience that the light used for the exposure has the wavelength of 365 nm, the numerical 
aperture NA of the lens system is 0.53, and the partial coherency a of the light is 0.5. 

FIGS.68A and 68B are diagrams for forming a pattern in which various pattern sizes are mixed. 

20 FIG.68A shows a masl< pattern. An opaque layer 85 for forming a large black pattern and a phase shift 
layer 86 are combined at the upper part. A phase shift layer 87 for forming the image of the phase shift 
layer itself is formed at the intermediate part. A phase shift layer 88 for forming an imaged pattern by the 
edge portion thereof is formed at the lower part. A phase shift layer 89 wNch has an intermediate phase 
shift quantity for preventing the imaging of the unwanted sides is formed in the periphery of the phase shift 

25 layer 88. For example, the phase shift layers 86. 87 and 88 have a phase shift quantity of 180*. and the 
phase shift layer 89 has a phase shift quantity of 90* . When the lens system used has a numerical aperture 
NA of 0.4 to 0.6 for the i-ray. the pattern of 0.5 um or greater is formed by arranging the phase shift region 
86 with the phase shift quantity of 90 • around the opaque layer 85 as shown in the upper part of FIG.68A. 
When forming the black pattern of 0.3 to 0.5 urn, the mask is formed solely by the pattern of the phase 

30 shift layer 87 having the phase shift quantity of 180 \ as shown in the intermediate part of FIG.68A. The 
pattern of 0.25 um or less is formed by the boundary of the phase shift layer 88 which has the phase shift 
quantity of 180* and an aperture region 90 which makes no phase shift, as shown in the lower part of 
FIG.68A. In this case, the side of the unwanted phase shift region 88 is surrounded by the phase shift layer 
89 which has the intermediate phase shift quantity so as not to be imaged by adjusting the developing 

35 level 

FIG.68B shows the imaged pattern which is obtained by use of the mask pattern shown in FIG.68A. A 
black pattern 91 which corresponds to the mask whk:h is made up of the opaque layer 85 and the phase 
shift region 86 is formed at the upper part. A black pattern 92 which corresponds to the phase shift layer 67 
is formed at the intermediate part. A narrow black pattern 93 which corresponds to the boundary between 

40 the phase shift layer 88 and the aperture region 90 is formed at the lower part. 

When producing an integrated circuit by the photolithography, the pattern of the reticle is imaged on the 
wafer using an imaging lens system. Accompanied by the increase in the integration density of the 
integrated circuit, the numerical aperture NA of the imaging lens system is increased so as to improve the 
resolution and cope with the fine integrated circuit patterns. However, when the numerical aperture NA is 

45 made large so as to improve the resolution, the focal point depth FD becomes small according to the 
following formula (4), where K2 denotes a process coefficient. 

FD =: K2(X/NA2) (4) 

50 Accordingly, it is impossible to accurately form the pattern with respect to a concavoconvex surface. 

Next, a descriptior) will be given of an embodiment which can satisfactorily form a pattern even with 
respect to a concavoconvex surface. FIG.69 shows a sixth embodiment of the mask according to the 
present invention. In FIG.69. those parts which are essentially the same as those corresponding parts In 
FIG.9 are designated by the same reference numerals, and a description thereof will be omitted. In this 

bb embodiment, the phase shift layer 3a comprises a shifler portion 3a1 having a thickness D1 and a shifter 
portion 3a2 having a thickness D1, where D2 > D1. By providing such shifter portions which have different 
thicknesses, it is possible to arbitrarily control the focal point of the image when making the exposure. 
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Next, a description will be given of a fifth embodiment of the pattern forming method according to the 
present invention. In this embodiment, the thickness of the phase shift layer of the mask is made different 
locally where needed. For the sake of convenience, it is assumed that the mask 1A shown in FIG. 19 and 
the optical system shown in FIG. 22 is used to form the pattern, and a description will be given of the 
5 relationship of the thickness of the phase shift layer 3a and the deviation (defocus quantity) of the focal 
position. The light used for the exposure, the material used for the phase shift layer 3a and the like are the 
same as those of the embodiment described above. When the thickness t of the phase shift layer 3a is 
calculated for obtaining each phase shift quantity S of 180-. 120- and 240*, respectively, t = 0.388, 0.259 
and 0.517 um. 

70 First, when t = 0.388 um and S - 180* , the light intensity distribution becomes as shown in FIG.71C 
when the defocus quantity is zero. However, when the defocus quantities are set to +1.0 and +0.5 um by 
taking as the positive ( + } direction the direction towards the wafer 11 along the optical axis of the lens 
system 9, the light intensity distributions become as shown in FIGS.70A and 70B. respectively. On the othor 
hand, when the defocus quantities are set to -0.5 and -1.0 um, the light intensity distributions become as 

J5 shown in FIQS.70D and 70E, respectively. As may be seen from FIGS.70A through 70E. the light intensity 
distribution changes In the same manner regardless of whether the focal point deviates in the positive 
direction or the negative direction. 

FIGS.71A, 71 B, 71 C and 71 D respectively show the light intensity distributions which are obtained when 
t = 0.259 um, S = 120- and the defocus quantities are to +1.0. +0.5. 0 and -0.5 um. As may be seen 

20 from FIGS.71A through 71 D, the contrast is a maximum when the defocus quantity is +0.5 um. 

FIGS.72A, 728, 72C and 72D respectively shov^ the light intensity distribLJtions which are obtained when 
t = 0.517 um. S = 240 • and the defocus quantities are to +0.5, 0, -0.5 and -1.0 um. As may be seen 
from FIGS.72A through 72D, the contrast is a maximum when the defocus quantity is -0.5 um. 

According to this embodiment, the focal point can be controlled within the range of 0.5 um by 

25 appropriately determining the thickness t of the phase shift layer. 

In the production process of the integrated circuit, a region of the integrated circuit may have a height 
greater than that at other regions. For example, in the dynamic random access memory (DRAM), the 
memory cell part is 0.5 to 1.0 um higher than the other peripheral circuit parts when stacked capacitors are 
used. In such a case, when an attempt is made to form the pattern to the resolution limit by using a lens 

30 system having a large numerical aperture NA, the focal point depth FD becomes small and it is difficult to 
apply the pattern formation to the production of integrated circuits having concavoconvex surfaces. 

However, according to this embodiment, it is possible to apply the pattern formation to the DRAM using 
stacked capacitors as shown in FIG. 73. In FIG.73, those parts which are essentially the same as those 
corresponding parts in FIGS.22 and 69 are designated by the same reference numerals, and a description 

35 thereof will be omitted. In this case, the pattern formation of the lower portion of the integrated circuit such 
as the peripheral circuit part of the DRAM is made by use of the thinner shifter portion 3a 1 of the phase 
shift layer 3a. Accordingly. D1 is set smaller than 0.368 um. For example, when the difference in the 
heights of the cell part and the peripheral circuit pan of the DRAM is approximately 1.0 um, Dl is set to 
0.259 um. On the other hand, the pattern formation of the high portion of the integrated circuit such as the 

40 cell part of the DRAM is made by use of the thicker shifter portion 3a2 of the phase shift layer 3a. Hence. 
D2 is set greater than 0.388 um. For example, D2 is set to 0.517 um when the cell part is approximately 1 
um higher than the peripheral circuit part of the DRAM. 

By controlling the thickness of the phase shift layer depending on the concavoconvex surface of the 
integrated circuit, it is possible to form the pattern by matching the focal point to ail surface portions of the 

45 integrated circuit. 

As described heretofore in conjunction with the various embodiments, the present invention forms the 
pattern by utilizing the phase shift layer. For this reason, it is possible to form an arbitrary fine pattern by 
use off a mask in which the phase shift layer is appropriately arranged. FIGS.74A. 75A, 76A and 77A show 
examples of mask panerns and FIGS.74B. 758. 76B and 77B respectively show patterns which can be 
50 formed by use of the mask patterns shown in FIGS.74A, 75A. 76A and 77A. In FIGS.74A through 77B, there 
are provided an opaque layer 90, a phase shift layer 91 and an aperture (window) 92. 

In the described embodiments, the partial coherency o is set to 0.5. However, the partial coherency a is 
not limited to 0.5 and may be set within the range of 0.3 5 o ^ 0.7. 

In addition, the light which is used for the exposure is not limited to the i-ray. l\/loreover, the light use for 
55 the exposure may illuminate the mask from the side of the transparent substrate provided within the phase 
shift layer or from the other side of the transparent substrate not provided with tlie pluise shift layer. Tlie 
materials used for the transparent substrate and the phase shift layer are of course not limited to those of 
the described embodiments. For example, the transparent substrate may be made of any material as long 
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as the transparent substrate is transparent with respect to the light Ahich Is used for the exposure. 
Fjflhermore, the phase shift layer may be made of a material selected from a group including Si02, AI2O3 
and MgFj. 

The masks described in the embodiments include reticles. Accordingly, the pallern lorming method 
5 according to the present invention is not limited to the application to the formation of patterns of 
semiconductor devices, and may of course be applied to the formation of patterns of masks and reticles. 

Further, the present invention is not limited to these embodiments, but various variations and modifica- 
tions may be made without departing from the scope of the present invention. 

10 Claims 

1. A mask for use in exposure of a semiconductor wafer, including: 

transparent portions (2, 31, 51) for transmitting light used in the exposure, formed by a transparent 
layer and corresponding to first areas of said wafer, these being areas which are to be exposed; 
^5 opaque portions (14, 32, 53) for masking said light, formed by an opaque layer and corresponding 

to second areas of said wafer adjacent to said first areas; and 

phase shift portions (3a, 37A, 37B, 41 A, 41 B) for shifting the phase of said light so as to improve 
the contrast between the first and second areas, formed by a phase shift layer (3a) formed over the 
transparent layer and the opaque layer; 
20 characterized in that in at least one part of the mask, said phase shift portions are formed only 

along edges of said opaque portions (14. 32. 53) without extending between adjacent opaque portions. 

2. The mask as claimed in claim 1. wherein the phase shift portions (3a. 37A, 37B, 41 A, 41 B) produce a 
phase shift of said light within a range of 180 * ± 30%. 

25 

3. The mask as claimed in claim 1 or 2, wherein a said phase shift portion (3a. 37A, 378, 41 A. 418) is 
provided at an edge portion of said opaque layer (14. 32. 53) for forming a line pattern when making 
the exposure. 

30 4. The mask as claimed in claim 1. 2, or 3. wherein a said phase shift portion (3a, 37A. 37B, 41 A. 418) is 
provided at a pair of edge portions of said opaque layer (14, 32, 53) for forming a pattern of arbitrary 
width when making the exposure. 

5. The mask as claimed in claim 4, wherein a boundary between said phase shift portions (3a, 37A, 37B, 
35 41A, 41B) and said transparent portions (2. 31, 51) is located on an inner side of a designated black 

pattern. 

6. The mask as claimed in any of claims 1 to 5, wherein the phase shift portions (3a, 37A. 37B, 41 A, 
41 B) Include a first portion (3al) and a second portion (3a2) which have mutually different thicknesses. 

40 

7. The mask as claimed in any preceding claim, wherein the transparent layer (2, 31, Si) is made of 
quartz or glass. 

8. The mask as claimed in any preceding claim, wherein the phase shift layer (3a) is made of SiOa, 
45 AI2O3, or MgF2. 

9. The mask as claimed in any preceding claim, wherein the opaque layer (14. 32. 53) is made of Cr. 

10. A method of producing a mask as claimed in any preceding claim, comprising the steps of: 
50 forming said opaque layer (14. 20) on said transparent layer (2); 

forming a resist pattern (4) which is made of a resist material, on said opaque layer; 

forming the phase shift layer (3a) which transmits the light on said resist pattern layer to a 
predetermined thickness; and 

removing said resist pattern layer, whereby said phase shift layer remains on said transparent layer 
66 and said opaque layer only in a vicinity of an edge porlion of said opaque layer in at least one part of 
the mask. 
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11. A method of producing a mask as claimed in any one of claims 1 to 9. comprising the steps of: 
forming said opaque layer (14, 20) on said transparent layer (2); 
forming a stopper layer (21) on said opaque layer; 

forming the phase shift layer (3a) on said opaque layer to a predetermined thickness; 
5 forming a resist pattern (4) made of a resist material, on said phase shift layer; and 

etching said phase shift layer using said stopper layer as an etching stopper and said resist pattern 
as an etching mask, whereby said phase shift layer remains on said stopper layer only in a vicinity of 
an edge portion of said opaque layer in at least one part of the mask. 

10 12. The method as claimed in claim 11, wherein the stopper layer is made of Ai^Ch. 

13. A pattern forming method for forming a pattern on a semiconductor wafer (11) using a mask as claimed 
in any of claims 1 to 9, the method comprising illuminating tho mask (1, 1A-1G) by light from a light 
source, and projecting the light transmitted through the mask onto a photoresist layer (10) formed on 

75 the wafer by use of a lens system (9). whereby the photoresist layer is developed in said first areas of 
the wafer corresponding to the transparent portions (2) of the mask. 

14. The pattern forming method as claimed in claim 13, wherein the light is projected at different focal 
positions on the photoresist layer (10) depending on a concavoconvex surface structure of said 

20 photoresist layer. 

15. The pattern forming method as claimed in claim 13 or 14. wherein a black pattern (P8) is projected on 
the photoresist layer (10) which has a light intensity lower than that at other portions of the photoresist 
layer, using interference generated in the vicinity of an edge portion of said opaque layer (14, 32, 53). 

25 

16. The pattern forming method as claimed in claim 13 or 14, wherein a white pattern is projected on the 
photoresist layer (10) which has a light intensity higher than that at other portions of the photoresist 
layer using interference generated in the vicinity of an edge portion of the opaque layer (14, 32, 53). 

30 17. The pattern forming method as claimed in claim 14, 15, or 16, wherein said light is partially coherent 
with a coherency in the range 0.3 to 0.7. 

18. The pattern forming method as claimed in any of claims 13 to 17, wherein the mask has mutually 
adjacent phase shift portions with mutually different phase shift quantities, the difference in phase shift 
35 quantities being in the range 90 • to 180 • . and wherein a black pattern is generated on said resist by a 
boundary of the adjacent phase shift portions with a 180* phase shift quantity difference, and no 
pattern is generated on said resist by a boundary of the phase shift portions with a phase shift quantity 
difference of 90 * or less. 

40 19. The pattern forming method as claimed in any of claims 13 to 17, wherein the mask has mutually 
adjacent phase shift portions with mutually different phase shift quantities, the difference in phase shift 
quantities being in the range 90* t 30% to 180* ± 30%. 
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@ Mask, mask producing method and pattern forming method using mask 



@ A mask for use in exposure of a semiconductor 
wafer includes transparent portions (2, 31, 51) for 
transmitting light used in the exposure, formed by a 
transparent layer and corresponding to first areas of 
the wafer, these being areas which are to be ex- 
posed, opaque portions (14, 32, 53) for masking the 
light, formed by an opaque layer and corresponding 



to second areas of the wafer adjacent to the first 
areas, and phase shift portions (3a, 37A, 37B. 41 A, 
41 B) for shifting the phase of the light so as to 
improve the contrast between the first and second 
areas, formed by a phase shift layer (3a) formed 
over the transparent layer and the opaque layer. 
According to the invention, in at least one part of the 
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mask the phase shift portions are formed only along 
edges of the opaque portions (14, 32. 53) without 
extending between adjacent opaque portions. A 



method of producing such a n^iask. and a pattern 
forming method employing the mask, are also dis- 
closed. 
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